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Regulation of the cortical microtubule cytoskeleton is critical for organized plant cell
division. Arabidopsis ton1 and ton2 mutants display random cell division plane placement and
lack the plant-specific cortical microtubule array that encircles the nucleus prior to mitosis. In
wild type plants, this preprophase band (PPB) of cortical microtubules precisely marks the future
division plane. The specific roles of TON1 and TON2 in PPB formation are not yet known. It is
suspected that TON1 Recruiting Motif (TRM) proteins may be involved in TON1 and TON2
recruitment to the PPB. Here we describe results for the targeted disruption of a group of TRMs
along with localization studies of a larger group of TRMs. We found that TRM33 localizes to the
PPB, indicating that it may be important for plant cell division. In addition, TRM13 and TRM14
were found to be important for leaf morphogenesis and trichome cell polarity. Together, these
results indicate diverse roles for TRMs in the regulation of the microtubule cytoskeleton and
plant development.
The plant cell wall plays an important role in communication, defense, organization and
support. Arabidopsis trichomes, or leaf hairs, exhibit distinct cell wall characteristics, including
papillae. To better understand the molecular processes important for papillae deposition on the
cell wall surface, we identified the genes responsible for the reduction of papillae seen in two
glassy hair mutants. Collectively, the presented results show that MED25 and MED16 are

necessary for papillae formation on the cell wall surface of leaf trichomes and that a subset of
Arabidopsis Mediator tail subunits is required for the transcriptional regulation of papillae
promoting genes.
KEYWORDS: Divison Plane Determination; Mediator Complex; Microtubule nucleation;
Papillae Formation; PPB Formation; TRM
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CHAPTER I: THE INVOLVEMENT OF TONNEAU RECRUITING MOTIF PROTEINS IN
REGULATION OF THE PLANT MICROTUBULE CYTOSKELETON
Abstract
Regulation of the cortical microtubule cytoskeleton is critical for organized plant cell
division. Arabidopsis ton1 and ton2 mutants display random cell division plane placement and
lack the plant-specific cortical microtubule array that encircles the nucleus prior to mitosis
(Camilleri et al. 2002; Azimzadeh et al. 2008; Kirik et al. 2012; Zhang et al. 2016). In wild type
plants, this preprophase band (PPB) of cortical microtubules precisely marks the future division
plane. The specific roles of TON1 and TON2 in PPB formation are not yet known. It is
suspected that TON1 Recruiting Motif (TRM) proteins may be involved in TON1 and TON2
recruitment to the PPB (Spinner et al. 2013). Yeast-two-hybrid assays conducted by our lab and
Drevensek et al. (2012) indicate that TRMs 1, 12, 13, 14, and 15 interact with TON1. TRM1 has
been previously shown to target TON1 to microtubules (Drevensek et al. 2012), and BLAST
analysis has revealed that TRMs 12, 13, 14, 15, 18, and 33, have homology to
phosphatidylinositol n-acetylglucosaminyltransferase subunit Ps (PIGPs;
https://blast.ncbi.nlm.nih.gov; Johnson et al. 2008). PIGs are involved in the synthesis of
glycosyl phosphatidylinositol (GPI) anchors, which are posttranslational modifications that
attach the modified proteins in the outer leaflet of the plasma membrane (Cheung et al. 2014;
Kinoshita & Fujita 2016). Here we show experimental results for the targeted disruption of these
PIG-P-like TRMs, along with localization studies of a larger subset of TRMs, in an effort to shed
light on the mechanisms responsible for PPB formation.
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Introduction
Plant cells are fixed in their spatial locations due to the rigid and structural nature of the
plant cell wall, which prevents cell migration during development. The arrangement of cells
within plant tissues is therefore determined by oriented cell divisions that occur in the plant
meristem. In order to produce cells in the positions and at the times in which they are needed,
plants must maintain acute control of cell division and cell expansion processes. This includes
the tight regulation of constituents of the plant cytoskeleton (Goddard et al. 1994; Muller et al.
2009).
The Eukaryotic cytoskeleton consists of a network of proteinaceous filaments with
diverse cellular and developmental functions, including the guidance of directional cell growth,
aid of intracellular organization and transport, and facilitation of cell division (Kost & Chua
2002). Plant cells contain two main kinds of cytoskeletal filaments which differ in size and
protein composition: actin filaments and microtubules. Each actin filament reaches a diameter of
approximately 6nm and is made up of two intertwined chains of actin polymers (Cooper 2000;
O’Connor 2010). Whereas microtubules are hollow cylinders 24nm in diameter and consisting of
13 protofilaments, each of which are made up of a strand of alpha and beta tubulin heterodimers
(Goddard et al. 1994; O’Connor 2010; Hashimoto 2015). Both actin filaments and microtubules
exhibit polarized growth with polymerization occurring more quickly at the fast growing plus
ends than at the slow growing minus ends. It is at these slow growing minus ends where
microtubules are usually anchored to microtubule organizing centers (MTOCs), structures
responsible for the organization of cilia, flagella, and the spindle arrays that separate
chromosomes during cell division in most Eukaryotes (Goddard et al. 1994; O’Connor 2010).
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Vascular plants, however, do not possess traditional MTOCs like the centrosomes of
animal cells (Mueller et al. 2009; Spinner et al. 2013). Despite this, they are still able to
implement several highly organized microtubule arrays during interphase and mitosis. The
cortical interphase arrays influence cell shape and facilitate cell expansion by guiding the
cellulose synthase complex during the deposition of new cell wall material (Hashimoto 2015;
Elliot & Shaw 2018). During the development of pavement cells, for example, microtubule
bundles restrict growth in localized indentations, known as “necks,” contributing to the jigsaw
puzzle piece shape characteristic of this cell type (Hashimoto 2015). Rapid cellular elongation in
dark-grown hypocotyl cells is also facilitated by interphase array organization. Cortical
microtubules in these cells are arranged transversely to the axis of growth, restricting radial
expansion in favor of directional elongation (Kost & Chua 2002; Elliot & Shaw 2018).
Mitotic microtubule arrays, on the other hand, are critical for chromosome segregation
and proper division plane placement in dividing cells (Kost & Chua 2002; Hashimoto 2015).
Unlike animal cells, plant cells determine the plane of cell division before mitosis with the
formation of a plant-specific cortical microtubule array encircling the nucleus. This preprophase
band (PPB) of cortical microtubules is short-lived, being disassembled concurrently with nuclear
envelope breakdown and spindle formation at the onset of prometaphase (Mueller et al. 2009;
Spinner at al. 2013; Smertenko et al. 2017). However, its position precisely marks the future
division plane at the cell cortex, presumably by creating ‘molecular memory’ via the recruitment
of certain proteins to the cortical division site (Goddard et al. 1994; Mueller et al. 2009). During
metaphase and anaphase, the microtubule spindle apparatus ensures accurate segregation of the
duplicated chromosomes. The new cell plate is subsequently initiated at the center of the cell
during cytokinesis, separating the daughter nuclei. The phragmoplast, a second plant-specific
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array consisting of microtubules and actin filaments, guides the growing new cell plate to the
former location of the PPB at the plasma membrane (Goddard et al. 1994; Mueller et al. 2009;
Spinner et al. 2013; Smertenko et al. 2017).
Several plant proteins have been discovered that demonstrate sequence homology to
centrosomal proteins in animal cells. Arabidopsis TONNEAU1 genes, TON1a and TON1b,
encode two redundant 29kDa peptides that share amino acid sequence similarity with the 43kDa
and 116kDa animal centrosomal proteins, FOP (FGFR1 Oncogene Partner) and OFD1 (Oral
Facial Digital1; Azimzadeh et al. 2008). FOP was initially identified as a fusion partner of
Fibroblast Growth Factor Receptor1 (FGFR1) in patients with stem cell myeloproliferative
disorder (Popovici et al. 1999) and has since been shown to be essential for microtubule
anchoring at the centrosome (Yan et al. 2006). OFD1 is the gene responsible for Oral Facial
Digital Syndrome Type 1, an X-linked dominant inherited condition lethal in males. In afflicted
females, OFD Type 1 is characterized by various malformations, including cleft palate, lip, and
tongue; syndactyly, brachydactyly, and polydactyly; hypertelorism and milia; intellectual
disability, cerebellar anomalies, and agenesis of the corpus callosum; and cystic renal disease
(Romio et al. 2004; Giorgio et al. 2007). Interestingly, OFD1 localization at the centrosome is
dependent on the protein’s coiled-coil rich region, which is often missing in OFD Type 1 patients
(Romio et al. 2004).
TON1, FOP, and OFD1 share conserved areas in their N-terminal regions: a 33 amino
acid TOF (TON1, OFD1, FOP) motif and a 34 amino acid LisH (Lissencephaly type 1 like
Homology) motif are conserved among all three proteins, and an 11 amino acid PLL (Proline
Leucine Leucine) motif is conserved in TON1 and FOP but not in the more distantly related
OFD1 (Figure 1; Azimzadeh et al. 2008). The LisH and PLL motifs have been shown to be
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necessary for FOP dimerization and centrosome localization (Yan et al. 2006; Mikolajka et al.
2006; Azimzadeh et al. 2008). In addition, the N-terminal region of FOP including the TOF,
LisH, and PLL motifs is required for FOP binding to CAP350 (Centrosome Associated Protein
350), a 350kDa human protein suggested to be responsible for FOP recruitment to the
centrosome (Yan et al. 2006).

Figure 1. TON1, FOP, & OFD1 share conserved N-terminal motifs. The TOF (cyan) and LisH
(red) motifs are conserved across the OFD1, FOP, and TON1 proteins. Whereas the PLL (lime
green) motif is conserved only in FOP and the TON1 proteins (Azimzadeh et al. 2008). The
serine rich regions (purple) and coiled coils (army green) are illustrated for each protein. The
regions responsible for the ability of TON1 to bind TON2 (Spinner et al. 2013); of FOP to bind
CAP350 (Yan et al. 2006), homodimerize (Mikolajka et al. 2006), and localize to the centrosome
(Yan et al. 2006); and of OFD1 to homodimerize (Giorgio et al. 2007) and localize to the
centrosome (Romio et al. 2004) are shown in black. Protein diagrams were created using the
MEME Suite’s motif discovery tool (http://meme-suite.org/tools/meme; Bailey et al. 2015) and
information available in the Interprot database (www.ebi.ac.uk/interpro/; Mitchell at al. 2019).
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Members of the plant specific TON1 Recruiting Motif (TRM) protein superfamily share
three regions of sequence similarity with CAP350 (Figure 2). TRMs are characterized by six
motifs, named M1 through M6. The M3-M4-M2 motif organization present in TRM1, an
archetypal 101kDa member of the TRMs, is also seen in CAP350 (Drevensek et al. 2012). The
acidic C-terminal M2 motif is responsible for CAP350 binding to FOP (Yan et al. 2006;
Drevensek et al. 2012) and TRM1 binding to TON1 (Drevensek et al 2012). In CAP350, the M3
and M4 motifs are part of the regions responsible for centrosome and Golgi localization,
respectively (Yan et al. 2006; Hoppeler-Lebel et al. 2007). While in TRM1, the M3 motif has
been shown to be important for binding TON2 (Tonneau2), a regulatory subunit of protein
phosphatase 2A (PP2A) (Spinner et al. 2013). It is also worth noting that both CAP350 and
TRM1 bind microtubules through a basic region located N-terminally to the M3-M4-M2
configuration (Hopper-Lebel et al. 2007; Drevensek et al 2012), and that TRM1 has been shown
to target TON1 to microtubules in plant cells (Drevensek et al 2012).

Figure 2. The TRMs & CAP350 share M3-M4-M2 motif organization. The N-terminal M3(red)M4(fuchsia)-M2(royal blue) motif assemblage is conserved across the TRMs and CAP350
6

(Drevensek et al. 2012). M1 (cyan), M5 (yellow), and M6 (lime green) motifs; serine rich (royal
purple), CAP glycine rich (orange), and transmembrane helix (brown) regions; DUF3741 (lilac)
and DUF4378 (light blue) domains; and coiled coils (army green) are shown for each protein.
Regions responsible for the ability of TRM proteins to bind microtubules (Drevensek et al.
2012), TON2 (Spinner et al. 2013), and TON1 (Drevensek et al. 2012); and of CAP350 to bind
microtubules (Hoppeler-Lebel et al. 2007), localize to centrosomes (Yan et al. 2006; HoppelerLebel et al. 2007), localize to Golgi (Hoppeler-Lebel et al. 2007), and bind FOP (Yan et al. 2006)
are shown in black. Protein diagrams were created using the MEME Suite’s motif discovery tool
(http://meme-suite.org/tools/meme; Bailey et al. 2015) and information available in the Interprot
database (www.ebi.ac.uk/interpro/; Mitchell at al. 2019).
The PP2A represents a conserved family of Eukaryotic serine / threonine phosphatases
that regulates multiple processes via protein dephosphorylation. In plants, the PP2A has been
found to play important roles in auxin transport (Garbers et al. 1996; Michniewicz et al. 2007;
Ballesteros et al. 2013; Gao et al. 2013); abscisic acid (Kwak et al. 2002; Pernas et al. 2007),
brassinosteroid (Tang et al. 2011), and blue light signaling (Tseng & Briggs 2010; Wen et al.
2012; Zhang et al. 2013); ethylene (Skottke et al. 2011), sucrose (Huber et al. 2002), and lipid
biosynthesis (Leivar et al.. 2011); nitrogen assimilation (Douglas et al. 1997; Heidari et al.
2011); flowering time (Heidari et al. 2013); and microtubule cytoskeleton regulation (Tran et al.
2012; Spinner et al. 2013). In Arabidopsis, each PP2A heterotrimeric protein complex is
composed of one of five catalytic C subunits, one of three scaffolding A subunits, and one of 17
regulatory B subunits (Lillo et al. 2014). The regulatory subunits consist of three families, B’,
B”, and B’’’, which are believed to confer substrate specificity to the PP2A and aid in subcellular targeting of the complex (Janssens & Goris 2001; Lillo et al. 2014).
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TON2 is a 55kDa regulatory B’’ subunit of the plant PP2A that was shown to be
important in the regulation of interphase and mitotic microtubule arrays (Camilleri et al. 2002;
Kirik et al. 2012; Spinner et al. 2013). TON2 also shares sequence similarity with the 46kDa C.
elegans protein RSA-1 (Regulator of Spindle Assembly Protein1), a regulatory subunit of the C.
elegans PP2A required for microtubule outgrowth and spindle assemble at the centrosome
(Figure 3; Schlaitz et al. 2007). Both TON1 and members of the TRM superfamily were
demonstrated to interact with TON2, and TON2-PP2A and TON1-TON2 complexes are
recruited to microtubules by TRM proteins in plant cells (Spinner et al. 2013). It has therefore
been suggested that together, TON1, TRMs, and TON2 form a complex that targets PP2A
activity to microtubules to regulate PPB formation (Spinner et al. 2013).

Figure 3. TON2 & RSA-1 share a conserved motif. TON2 and RSA-1 share a motif (red) within
their respective EF Hand domain pair regions (light purple). The predicted TON2 EF Hand 2
domains (light blue) overlap with three of the conserved motif regions. A coiled coil (army
green) and an EF Hand 1 calcium binding site (grey) are also illustrated. The regions responsible
for the ability of TON2 to bind TON1 and PP2A A subunits (Spinner et al. 2013) are shown in
black. Protein diagrams were created using the MEME Suite’s motif discovery tool
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(http://meme-suite.org/tools/meme; Bailey et al. 2015) and information available in the Interprot
database (www.ebi.ac.uk/interpro/; Mitchell at al. 2019).
Little is known about PPB assembly and the precise mechanisms by which it marks the
future division plane. Arabidopsis plants harboring mutations in the TON1 and TON2 genes
display a complete absence of PPBs in premitotic cells and disrupted microtubule arrays in
interphase cells. These mutants are also dwarfed and exhibit random cell division plane
placement and irregular cell elongation (Fisher et al. 1996; Azimzadeh et al. 2008). In contrast,
nearly all single TRM mutants have not been shown to possess aberrant cell division phenotypes,
likely due to the suspected high functional redundancy within the superfamily (Spinner et al.
2013). For example, while the trm7 single mutant was shown to exhibit partial PPB suppression
and the other two single mutants within the same subgroup, trm6 and trm8, did not display PPB
defects, the trm6trm7trm8 triple mutant displayed almost a complete absence of PPBs (Schaefer
et al. 2017).
Though it is known that TON1 and TON2 play important roles in PPB formation, exactly
what these proteins are doing and how they are regulated is not known. It is suspected that TRMs
may be involved in TON1 and TON2 recruitment to the PPB, however only two of the TRMs,
TRM7 and TRM8, have been shown to localize to the PPB (Schaefer et al. 2017). TRMs 1, 12,
13 and 15 were all found to interact with TON1 in a yeast-two-hybrid assay performed in our
lab. As previously mentioned, TRM1 has been shown to target TON1 to microtubules
(Drevensek et al. 2012) and is thus a good candidate for PPB related function. TRM7 is highly
expressed in meristem tissue (Araport; www.araport.org; Krishnakumar et al. 2014), where cell
division occurs, and was previously shown to interact with TON1 in a yeast-2-hybrid screen
(Drevensek et al. 2012), but whether this interaction occurred at the PPB had yet to be shown at

9

the onset of this study. Upon BLAST analysis of the TRMs, we found that TRMs 12, 13, 14, 15,
18, and 33, have homology to phosphatidylinositol n-acetylglucosaminyltransferase subunit Ps
(PIGPs; https://blast.ncbi.nlm.nih.gov; Johnson et al. 2008). TRMs 13, 14, 15, and 33 were all
members of the same subgroup on the TRM phylogenetic tree published by Drevensek et al.
(2012), whereas TRMs 12 and 18 were outliers.
Phosphatidylinositol n-acetylglucosaminyltransferases are involved in the first step of
glycosyl phosphatidylinositol (GPI) anchor synthesis. GPI anchors are posttranslational
modifications that attach the modified proteins in the outer leaflet of the plasma membrane (PM).
This first stage of GPI anchor assembly involves the transfer of N-acetylglucosamine from UDPN-acetylglucosamine to phosphatidylinositol at the cytoplasmic side of the endoplasmic
reticulum (ER; Cheung et al. 2014; Kinoshita & Fujita 2016). TRM18 has been previously
shown to interact with lipids, to display cortical and ER localization, and has been suggested to
serve as a receptor for lipid signaling (Barbaglia et al. 2016). ER-PM contact sites are believed to
serve as platforms for signaling and cytoskeletal organization (Zachariadis et al. 2001; Bayer et
al. 2017; Burstenbinder et al. 2017; Wang et al. 2017). In fact, ER rings have been documented
to associate with acetylated microtubules of PPBs in angiosperm leaves (Giannoutsou et al.
2012), and the ability of the ER to establish cytosolic calcium gradients has been shown to be
required for the extensive microtubule remodeling that occurs during mitotic array formation
(Zachariadis et al. 2004). ER elements also bridge the ER ring and the nucleus, and it has been
speculated that this connection may allow the transfer of signaling molecules and positive
markers of the cortical division site from the nucleoplasm to the PPB (Giannoutsou et al. 2012,
2015). In addition, calcium from the ER may enable the high level of endocytosis seen in the
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PPB area, which has been proposed to remove negative markers of the cell division site
(Dhonukshe et al. 2005; Muller et al. 2009; Rasmussen et al. 2013; Giannoutsou et al. 2015).
Targeted disruption of PIG-P-like TRMs, along with localization studies of a larger
subset of TRMs, may therefore elucidate the roles of these proteins in PPB formation and
cortical division site establishment. This study focused on the characterization of mutant
phenotypes and/or localization patterns of eight members of the TRM superfamily, TRM1,
TRM7, TRM12, TRM13, TRM14, TRM15, TRM18 and TRM33 in Arabidopsis for that
purpose. Localization patterns were analyzed for TRMs 1, 12, 13,14, 15, and 33, revealing that
all of the selected TRMs localized to the cortex in root tip cells. The cortical signal seen for
TRM12 was polarized toward the inner membrane. TRM14 signal was also detected as discrete
dots in tracks along the cortex of hypocotyl cells. Signal for TRM7 was seen concentrated within
the cytoplasm and on the cortex between adjacent hypocotyl cells. None of the single, double,
and triple mutants examined exhibited aberrant cell division plane placement. However, the TP1
promoter GFP fusion lines for TRM13 and TRM14 displayed under branched leaf hairs and
thinner rosette leaves. These data suggest a possible role for TRMs in processes important for
establishing cell polarity.
Methods
Plant Growth Conditions
Plates with one half Murashige and Skoog salt and 1% sucrose were used for aseptic
plant growth. A 1:1 soil mixture of Promix HP with mycorrhizae (Premier Tech Horticulture
Ltd.) and Professional Growing Mix (Sun Gro Horticulture Canada Ltd.) was used for plants
grown in the greenhouse. All plants were grown in an environmentally controlled greenhouse.
Colombia-0 was used as the wild type for all studies.
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Yeast-2-Hybrid Assay
The TON1a coding sequence in pCD2 was used as bait and the cDNA library CD4-30 in
pAD-GAL4 was used as prey. Colonies were verified via lacZ blue-white screening and then
PCR amplified using the GAL4 AD forward and reverse primers. The PCR products were
sequenced, and the interacting proteins were identified using BLAST
(https://blast.ncbi.nlm.nih.gov; Johnson et al. 2008).
N-terminal GFP Fusions
UBQpro::GFP:TRM pB7WGF2 constructs for TRMs 1 & 7: TRM 1 & 7 pENTR223
constructs were ordered from The Arabidopsis Resource Center in Ohio. The coding sequences
of TRMs 1 & 7 were then cloned into the vector pB7WGF2, which was modified to have the
UBIQUITIN10 (At4g05320) promoter drive expression of the given GFP-protein fusion.
TP1pro::GFP:TRM pK7WGF2 construct for TRM1: The coding sequence of TRM 1
was cloned into the vector pK7WGF2, which was modified to have the TRANSLATIONALLY
CONTROLLED TUMOR PROTEIN (At3g16640) promoter drive expression of the given GFPprotein fusion.
UBQpro::GFP:TRM pMDC43 constructs for TRMs 12, 13, 15, & 33: The genomic
sequences of TRMs 12, 13, 15, and 33 were cloned into the vector pMDC43, which was
modified to have the UBIQUITIN10 (At4g05320) promoter drive expression of the given GFPprotein fusion. TRM14 was originally omitted from localization studies due to high sequence and
expression pattern similarity to TRM13 (Araport; www.araport.org; Krishnakumar et al. 2014).
TRM 18 was omitted due to its high expression in senescent leaves (Araport; www.araport.org;
Krishnakumar et al. 2014), which indicates that this TRM is unlikely to be involved in cell
division processes.
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The primers used to amplify the genomic sequences of TRMs 12, 13, 15, & 33 are as
follows:
TRM12 attb1 F: 5’-GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGGAGAA
GAAGAGATCACCA-3’
TRM12 attb2 R: 5’-GGGGACCACTTTGTACAAGAAAGCTGGGTTTCAGATTAA
TCGACATAATAT-3’
TRM13 attb1 F: 5’-GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGGAGAA
AGAGATTTGTAGA-3’
TRM13 attb2 R: 5’-GGGGACCACTTTGTACAAGAAAGCTGGGTTTTAAGGAAC
CAGCTTGTTGAT-3’
TRM15 attb1 F: 5’-GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGGCGAA
GAAAACACAACGT-3’
TRM15 attb2 R: 5’-GGGGACCACTTTGTACAAGAAAGCTGGGTTCTATCTACA
TGGTTCTGTGCT-3”
TRM33 attb1 F: 5’-GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGCCAGT
CGAAAAACATGTG-3’
TRM33 attb2 R: 5’-GGGGACCACTTTGTACAAGAAAGCTGGGTTTTAACCATT
TTTGTGATTATC-3’
C-terminal GFP Fusions
TP1pro::TRM:GFP pK7FWG2 TRMs 12, 13, 14, 15, & 33: Mutagenesis PCR was
performed on the TRM 12, 13, 15, & 33 pDONR constructs to remove stop codons. TRM14 was
amplified from genomic DNA without a stoop codon. The genomic sequences of TRMs 12, 13,
15, and 33 were then cloned into the vector pK7FWG2, which was modified to have the
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TRANSLATIONALLY CONTROLLED TUMOR PROTEIN (At3g16640) promoter drive
expression of the given GFP-protein fusion. TRM14 was included in this localization study to
investigate the potential for expression overlap within the TRM 13, 14, 15, 33 subgroup. TRM18
was still omitted due to its high expression in senescent leaves (Araport; www.araport.org; ).
The primers used to amplify the genomic sequence of TRM14 are as follows:
TRM14 attb1 F: 5’-GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGGAGAG
AAATTGTCGGAG-3’
TRM14 attb2 R: 5’-GGGGACCACTTTGTACAAGAAAGCTGGGTTCAGGTTGTC
GCTGCTGGGTTC-3’
Confocal Microscopy
The fluorescently tagged TRM constructs were transformed into wild type Arabidopsis
plants, Arabidopsis plants that express tdTomato:TON1a, and Arabidopsis plants that express
tdTomato:TUA5, a microtubule marker. Progeny positive for both GFP and tdTomato expression
were analyzed on a spinning disc confocal microscope setup using a Leica DM6000 inverted
microscope, a Yokogawa CSUX scanner, and a Photometrics Evolve 512 camera. Time lapse
images spanning 2 minutes with 6 second intervals were taken using the 488nm and 561nm
lasers. Slidebook 5 (Intelligent Imaging Innovations) and ImageJ (W. Rasband, National
Institutes of Health, MD) software packages were used for image acquisition and processing,
respectively. Images were used to characterize the localization patterns of the selected TRMs and
determine whether they overlap with the localization patterns of microtubules and TON1.
Leaf Dimensions Analysis
To quantify the leaf shape phenotype observed in TP1pro:TRM13:GFP and
TP1pro:TRM14:GFP lines, leaf length and width and petiole length for leaves five and six of 4
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week old TP1pro:TRM13:GFP and TP1pro:TRM14:GFP T3 plants were compared to
measurements from age matched wild type plants using two-tailed t-tests.
Under Branched Trichome Quantification
The under branched trichome phenotype seen in TP1pro:TRM13:GFP and
TP1pro:TRM14:GFP lines was documented using the Leica MZ95 stereomicroscope and Leica
DFC300FX CCD camera. The 0.63x objective and 0.63x camera adapter were used to image
leaves five and six of 6-week-old TP1pro:TRM13:GFP T1, TP1pro:TRM14:GFP T1 and wild
type plants. Each leaf was imaged twice, rotating the sample to maximize visualization of
branches. The numbers of under branched trichomes, trichomes with three branches, and over
branched trichomes for each line were quantified using and ImageJ (W. Rasband, National
Institutes of Health, MD) software and compared using two-tailed t-tests.
TP1pro::TRM:GFP pK7FWG2 Crosses
To further investigate the functional significance of the PIG-P TRMs in relation to their
ability to interact with TON1 and TON2, several genetic crosses have been carried out.
TP1pro:TRM13:GFP and TP1pro:TRM14:GFP T3 lines were crossed with each other, with
ton1ab and ton2 plants, as well as with the mCherry:TUB5, mApple:TON1a, and
tdTomato:TON2 marker lines. TP1pro:TRM33:GFP T3 lines were crossed with ton1ab plants
expressing mCherry:TUB5, ton2 plants, as well as the mApple:TON1a and tdTomato:TON2
marker lines. F1 plants were selected based on resistance and signal presence.
Double and Triple Mutant Crosses
The following T-DNA lines producing homozygous knockouts for TRMs 12, 13, 14, 15,
18, and 33 were ordered from The Arabidopsis Resource Center in Ohio: SALK_015423
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(trm12), SALK_038213 (trm13), SALK_138000 (trm14), SALK_043084 (trm15),
SALK_025617 (trm18), and SALK_203514 (trm33).
Crosses to produce double and triple mutants were based on homology; T-DNA lines of
TRMs sharing the most sequence similarity were crossed in an effort to knockout TRMs that
were most likely to be redundant in function. For instance, since TRM12 is most homologous to
TRM13 and TRM15, a triple mutant was produced by first crossing the trm12 and trm13
mutants, selecting for the double mutant in the F2 generation, crossing the trm12trm13 double
mutant with the trm15 mutant, and then selecting for the triple mutant. This process was carried
out in several combinations in order to have the highest chance at obtaining a cell division
mutant with an observable phenotype.
Mutant Verification
Since single mutants did not have visible phenotypes to use for selection purposes, the
presence of the T-DNA mutations in single, double, and triple mutants was confirmed via PCR
amplification of the region bridging the T-DNA insertion and its flanking genomic sequence.
The SALK LBb1 primer was used to bind the T-DNA insertions for the SALK lines used in this
study. The sequences of the gene specific primers for each TRM SALK line were obtained using
the T-DNA primer design program available on the SIGnAL SALK T-DNA Primer Design web
page (http://signal.salk.edu/T-DNAprimers.2.html). The sequences of each gene specific Left
border Primer (LP) and Right border Primer (RP) are as follows:
TRM12 SALK_015423 LP: 5’-CAGTTTAGGGTTTAGGGGAAGG-3’
TRM12 SALK_015423 RP: 5’-AATCATCAGCCATTGATGGAG-3’
TRM13 SALK_038213 LP: 5’- AATGCCAAGAAAACACCACAG-3’
TRM13 SALK_038213 RP: 5’-GAAGCCAAATGGAAAAGAAAAC-3’
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TRM14 SALK_138000 LP: 5’-GCCAAAACTGTTCTACGCAAG-3’
TRM14 SALK_138000 RP: 5’-AAAAGCTCTTCCCAGCTCAAG-3’
TRM15 SALK_043084 LP: 5’-TCTGAGATGTTGAAGGCTTCG-3’
TRM15 SALK_043084 RP: 5’-TATGTTTAGTTTCCGCCATGG-3’
TRM18 SALK_025617 LP: 5’-TCGATGCGTTTTAATGGACTC-3’
TRM18 SALK_025617 RP: 5’-TGATTGCAGAATCAAGTGCAG-3’
TRM33 SALK_203514 LP: 5’-AAAGGAGAAACCGGACAAGAG-3’
TRM33 SALK_203514 RP: 5’-CTTTTCTTGAACCTCGGGAAC-3’
Propidium Iodide Staining and Microscopy
The roots of single, double, and triple TRM mutants were stained with 5µg/ml propidium
iodide and analyzed using fluorescence microscopy on a Leica DMBRE compound light
microscope using an N2.1 filter cube. Images were screened for misaligned division planes,
which would be indicative of a cell division defect and would implicate PIGP TRMs in cell
division processes.
Results
Archetypal and PIG-P-Like TRMs Interact with TON1a
A yeast 2-hybrid assay was conducted using TON1a as bait to find interacting proteins
that had the potential to help elucidate the mechanisms behind PPB formation. Among the
interacting proteins found were TON1a, TON1b, and ten members of the TRM superfamily
(Supplemental Table 1). Of interest were TRM1, TRM12, TRM13, and TRM15 (Figure 4). The
archetypal TRM1 was previously shown to recruit TON1 to microtubules (Drevensek et al.
2012). Upon BLAST analysis of the identified TRMs, it was found that TRMs 12, 13 and 15
were all uncharacterized proteins with homology to P subunits of a phosphatidylinositol n-
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acetylglucosaminyltransferase (https://blast.ncbi.nlm.nih.gov; Johnson et al. 2008) . Three
additional TRMs not found in this screen, TRMs 14, 18, and 33, were also identified as PIG-Plike proteins. TRMs 13, 14, 15, and 33, are all members of the same subgroup in the TRM
phylogenetic tree published by Drevensek et al. (2012), whereas TRM12 and TRM18 were
classified as outliers.

Figure 4. TON1a interacts with archetypal & PIG-P-like TRMs. TRM1, the archetypal TRM,
and three TRMs with homology to PIG-Ps, TRM12, TRM13, and TRM15, were among the
proteins found to interact in a yeast 2-hybrid screen using TON1a as bait. Empty pC-ACT.2 was
used as a negative control.
TRMs Localize to the Cell Cortex
N-terminal GFP fusions to TRM1, TRM7, TRM12, TRM13, TRM15, and TRM33 under
the control of the UBQ10 promoter were constructed and separately transformed into both
TON1a and microtubule marker lines. T2 and T3 plants were selected for expression of both
GFP:TRM fluorescence and tdTOM:TON1a or tdTOM:TUA5 fluorescence. Plants were
analyzed using confocal microscopy to determine the localization of the GFP:TRM protein
fusions in interphase and mitotic cells. TRM7 signal was detected within circular and string like
structures within the cytoplasm, as well as discrete dots along the cortex between neighboring
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hypocotyl cells (Figure 5 row 1). Signal in TRM1, TRM13, and TRM33 lines was found to
localize to the cortex and overlap with mitotic microtubule arrays (Figure 5 rows 2, 3, 4).
However, TRM signal was often diffuse and weak, even in the case of TRM1, which was
previously shown to decorate cortical microtubules (Drevensek et al. 2012). In addition, lines
expressing clear GFP signals were not recovered for TRM12 and TRM15.

Figure 5. TRMs may localize to mitotic arrays. TRM7 signal was seen concentrated in circular
and string-like structures within the cytoplasm and at junctions between hypocotyl cells. TRM1
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appeared to colocalize with phragmoplast arrays, and TRM13 seemed to overlap with PPB and
spindle arrays in root cells. TRM33 also looked as if it was concentrated at the PPB in leaf cells.
Scale bar = 50µm.
A second attempt to investigate the localization patterns of the TRMs was carried out
using an N-terminal GFP fusion to TRM1 and C-terminal GFP fusions to TRM12, TRM13,
TRM14, TRM15, and TRM33, all under the control of the TP1 promoter. Each construct was
then separately transformed into TON1a and microtubule marker lines. T2 and T3 plants were
selected for expression of both GFP fluorescence and tdTOM:TON1a or tdTOM:TUA5
fluorescence. Plants were analyzed using confocal microscopy to determine the localization of
the TRMs in interphase and mitotic cells. TRM1 and TRM15 showed mostly cytosolic signal,
whereas TRM13 was mostly cortical and TRM12 and TRM33 showed both cytosolic and
cortical localization. The diffuse signal seen in TRM1 lines made it difficult to distinguish colocalization with microtubules or TON1 (Figure 6 rows 1, 2). TRM12 seemed to colocalize with
PPBs in leaf epidermal cells but appeared to be excluded from dividing cells in the root where
TON1a can be seen at the PPB (Figure 6 rows 3, 4). TRM13 signal also looked to be excluded
from dividing root cells (Figure 6 rows 5, 6). TRM15 and TRM33 were seen in dividing cells
with incomplete overlap with mitotic arrays, though colocalization with TON1a at the PPB was
not evident (Figure 6 rows 8, 9, 10, 11). TRM14 appeared to be concentrated within circular
bodies in the cytoplasm and showed weak localization at the cortex (Figure 6 row 7).
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Figure 6. TRMs display cortical and cytosolic localization. TRM1 was seen mostly in the
cytosol. TRM12 was seen along the cortex and the PPB in dividing cells in the leaf but appeared
to be excluded from dividing root cells. TRM13 also displayed cortical localization and seemed
to be excluded from dividing cells in the root. TRM14 was largely concentrated in circular
structures in the cytoplasm. TRM15 was detected mostly in the cytosol, though cortical signal
and partial overlap with a phragmoplast was seen. TRM33 displayed both cytosolic and cortical
signal and partially overlapped with PPBs in the root. Scale bar = 50µm.
While imaging, it was discovered that strong signal from concentrated areas of
tdTOM:TUA5 would begin to bleed through to the green TRM channel. To rule out the
possibility of this distorting TRM localization patterns, GFP:TRM1 and C-terminal GFP
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constructs for TRMs 12, 13, 14, 15, and 33 were all transformed into wildtype plants containing
no other fluorescent markers. All TRMs were found to localize to the cortex in root cells (Figure
7). It was noted that TRM12 displayed polarized localization at the cortex, with more signal
concentrated near the inner cell membrane (Figure 7 top right panel). TRM14 was also observed
to localize within Golgi-like structures within the cytosol and as puncta running in lines across
the cortex of hypocotyl cells, as if along microtubule tracks (Figure 7 middle panel to the right).

Figure 7. TRMs localize to the cell cortex. TRMs 1, 12, 13, 14, 15, and 33 all display cortical
localization in root cells. TRM12 is concentrated near the inner membrane of root cells. TRM14
appears as discrete dots organized in lines at the cell cortex of hypocotyl cells. Scale bar = 50µm.

23

TRM13 and TRM14 Transgenic Lines Exhibit Thinner Leaves and Under Branched
Trichomes
The TP1pro:TRM13:GFP and TP1pro:TRM14:GFP transgenic plant lines were observed
to have thinner rosette leaves (Figure 8 top panel). Measurements of leaf length and width and
petiole length revealed that only leaf width consistently significantly differed from wildtype.
More specifically, leaves 5 and 6 from TRM13 lines showed 17% & 13% reductions in width,
while the same leaves showed 13% & 16% reductions in width for TRM14 lines (Figure 8
middle left panel).
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Figure 8. TRM13 & TRM14 transgenic lines display thin rosette leaves. The leaf width and
length and petiole length for leaves 5 and 6 of TRM13 and TRM14 transgenic lines were
compared to measurements from wildtype leaves. Leaves from the transgenic lines were thinner
than wildtype. * indicates p<0.05 and ** indicates p<0.01.
In addition to the reduction in leaf width, trichome branching was also reduced in
TP1pro:TRM13:GFP and TP1pro:TRM14:GFP transgenic lines (Figure 9 top row).
Approximately 82% of leaf trichomes on wild type plants exhibited trichomes with two branch
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points, while 15% were under branched (one or fewer branch points) and 3% had 3 or more
branch points. The trichomes of TRM13 transgenic plants exhibited 2 branch points only about
9% of the time, with 91% of trichomes being under branched and nearly no trichomes having 3
or more branch points. TRM14 transgenic plants showed a less severe but still significant
reduction in trichome branching with 34% of trichomes having 2 branch points, 64% being under
branched, and about 2 % having 3 or more branch points (Figure 9 bottom panel).

Figure 9. TRM13 & TRM14 transgenic lines have under branched trichomes. Both
TP1pro:TRM13:GFP and TP1pro:TRM14:GFP transgenic plants have an increase in the
percentage of trichomes with one or no branch points in comparison to wildtype. Scale bar =
250µm. ** indicates p<0.01.
Though TP1pro:TRM13:GFP and TP1pro:TRM14:GFP plants exhibited abnormal leaf
size and trichome branching, defects appeared to be restricted to these cell types. Root cells
appeared unaltered during localization studies (Figure 7 middle left panels), and severe
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aberrations in cell shape or size were not evident when leaf epidermal cells were examined
(Figure 10).

Figure 10. Leaf epidermal cells appear normal in TRM13 and TRM14 transgenic lines. No
strong changes in epidermal cell size or shape were observed in TP1pro:TRM13:GFP and
TP1pro:TRM14:GFP leaves. Scale bar = 50µm.
trm Single, Double, and Triple Mutants do not Display Misplaced Division Planes
Homozygous knockout T-DNA lines for TRMs 12, 13, 14, 15, 18, and 33 were examined
for visible phenotypes, however plants appeared phenotypically normal. When stained with
propidium iodide and viewed using fluorescence microscopy, no defects in division plane
placement were evident in the root tip cells of any of the single mutant lines (Figure 11 rows 2,
3). Genetic crosses were carried out to create 11 double and 7 triple mutants to determine if the
interruption of several members of this group of TRMs produces an aberrant cell division
phenotype. However, all of the double and triple mutants examined displayed no obvious
phenotypic defects. Root cell files of the double and triple mutants appeared well aligned when
stained with propidium iodide and viewed using fluorescence microscopy (Figure 11 rows 4-8).
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Figure 11. Division plane placement appears normal in PIG-P-like TRM single, double, and
triple mutants. Aberrant division plane placement was not seen after propidium iodide staining of
root tip cells of single, double, and triple PIG-P-like TRM mutants. Scale bar = 50µm.
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Discussion
TRMs 1, 7, 12, 13, 14, 15, and 33 may be Involved in Different Cellular Processes
In an effort to bring insight into the processes important for PPB formation and cell
division plane placement, localization and knockout studies were conducted on a subset of TRM
proteins identified in TON1a protein interaction assay. Based on the localization patterns
examined, it is evident that TRM1, TRM7, and the PIG-P-like TRMs 12, 13, 14, 15, and 33 all
localize to the cell cortex. The difficulties in obtaining lines with clear UBQpro:GFP:TRM
expression may be indicative of construct degradation triggered by overexpression via the
UBQ10 promoter, by aberrant protein folding, or by obstruction of undetected N-terminal
localization sequences. This issue was largely resolved by creating constructs with a different
promoter and C-terminal GFP fusions.
TRM1 was observed to be largely cytosolic with some localization to the cell cortex. It is
possible that TRM1 was not observed clearly along cortical microtubules as was reported by
Drevensek et al. (2012) due differences in construct design and tissues observed. When TRM1
expression was driven by the native promoter, localization was observed along cortical
microtubules in petal cells; TRM1 was not detectable in the root (Drevensek et al. 2012). The use
of the TP1 promoter may have caused ectopic TRM1 expression in root cells, in which we were
still able to detect some cortical localization. TRM1 was also previously described as part of the
LONGIFOLIA TRM subfamily, the members of which regulate leaf shape by promoting cell
expansion in the leaf length direction (Lee et al. 2006). It is possible that in reproductive and
vegetative tissues, such as petals and leaves, TRM1 targets the TTP complex (for TON1, TRM,
PP2A) to microtubules at the cell cortex to regulate proteins involved in cell expansion.
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The UBQ10 promoter driven GFP:TRM7 protein fusion was observed as puncta at the
junctions between neighboring hypocotyl cells, and within circular and string-like structures
within the cytoplasm. It is possible that since TRM7 is usually only highly expressed in
meristematic tissue, the constitutive expression of the protein in other cell types using UBQ10
promoter caused the fusion protein to be targeted for degradation, producing the cytoplasmic
circular and string-like concentrations of GFP signal. As hypocotyls are not sites of active cell
division, it is unlikely that the discrete, ordered puncta seen at cell junctions is representative of
mitotic arrays. The punctate pattern is similar to that seen for plasmodesmata proteins (Lee et al.
2011; Diao et al. 2018) and may be indicative of an interphase function of TRM7 in intercellular
transport. Further investigation is needed to determine whether TRM7 localizes to
plasmodesmata in hypocotyls or if this is also an ectopic targeting effect due to expression driven
by the UBQ10 promoter.
Though it appeared at first that some of the PIG-P-like TRMs co-localize to mitotic
arrays, it was discovered that our tdTomato lines bleed through into the green channel in areas of
intense signal, such as at mitotic arrays. This made it difficult to determine whether the TRM
signals seen to overlap with mitotic arrays were or due to genuine co-localization or bleed
through. The tdTOM:TON1a line does not produce as strong a signal as tdTOM:TUA5 at the
PPB, so bleed through was not as severe in these lines. However, TRM overlap with TON1a at
the PPB was not observed in any of the TRM transgenic lines studied. In fact, it appeared that
certain TRMs were even excluded from cells showing TON1a signal at the PPB. It is unlikely
that this effect was due to co-suppression as it appeared to specifically occur in dividing cells.
This indicates that TRM12 and TRM13 expression are regulated by the cell cycle and suggests
that these TRMs are likely not involved in the regulation of the PPB microtubule array.
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The polar localization of TRM12 seen in nondividing root cells is similar to that seen for
BOR1, a boron transporter that accumulates at the inner cell membrane of root epidermal cells in
boron limited conditions (Takano et al. 2010). In fact, polarized localization has been described
for several proteins involved in the transportation of substances across the cell membrane. The
ABC transporter PEN3 (Strader & Bartel 2009), the iron transporter IRT1 (Barberon et al. 2014),
the boron exporter BOR4 (Miwa et al. 2007), and the exocyst complex subunit EXO84b
(Fendrych et al. 2013) all exhibit polar localization at the outer cell membranes of root epidermal
cells. The same cell type is also characterized by the presence of PIN2 and PIN1 of the PINFORMED family of auxin transporters at the apical and basal membranes, respectively (Muller
et al. 1998; Wisniewska et al. 2006). Interestingly, PIN protein targeting to the apical and basal
membranes has been shown to involve the antagonistic regulation of PIN phosphorylation by the
PP2A and the PINOID kinase (Michniewicz et al. 2007). It would be interesting to investigate
whether PP2A mediated dephosphorylation plays a role in TRM12 polar localization at the inner
membrane. Thirty-five of the serine/threonine residues in TRM12 are predicted phosphorylation
sites (PhosPhAt; http://phosphat.uni-hohenheim.de/; Heazlewood et al. 2007; Durek et al. 2009;
Zulawski et al. 2012). It is possible that regulation of TRM12 phosphorylation state could occur
during the formation of the TTP complex. Alternatively, as part of the TTP, TRM12 may be
targeting PP2A activity to the inner epidermal membrane where it may act on other cortical
proteins.
The TRM14:GFP fusion protein was seen as discrete puncta arranged in tracks at the cell
cortex of hypocotyl cells. Deeper within the cell, signal appeared to be concentrated within large
circular structures. This localization pattern is highly similar to that seen for subunits of the
cellulose synthase complex (CSC; Crowell et al. 2009). Cellulose synthase (CESA) proteins are
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assembled into complexes in the Golgi prior to being trafficked to the plasma membrane in a
subpopulation of specialized vesicles known as MASCs (Microtubule Associated Cellulose
Synthase Compartments; Crowell et al. 2009). At the plasma membrane, CSCs are tethered to
cortical microtubules, which act as tracks that guide deposition of new cellulose fibrils (Li et al.
2012). Recently, it has been shown that TRM4 directly associates with the CSC subunit CESA3
and effects cellulose microfibril alignment by influencing cortical microtubule organization in
seed coat epidermal cells. It was suggested that TRM4 regulates the arrangement of cortical
microtubules via the recruitment of the TTP complex to the cell cortex (Yang et al. 2019), where
the PP2A may regulate proteins important for microtubule dynamics. TRM14 is predicted to
have an N-terminal transmembrane helix and to localize to the ER, Golgi, and peripheral
membrane by the Protein Subcellular Localization Prediction Tool (PSORT;
https://www.psort.org; Nakai & Kanehisa 1992). It is possible that TRM14 is trafficked to the
plasma membrane using the same pathway as CSCs. Once at the plasma membrane, TRM14 may
help regulate cellulose microfibril alignment, explaining the similarity of the observed
localization pattern to that of CESA proteins. The creation of a trm4 trm14 double mutant could
potentially shed light on the role of TRM14 in cellulose microfibril alignment.
Although TRM15 and TRM33 were not seen to co-localize with TON1a at the PPB in the
plants analyzed, it is possible that GFP expression in these lines was too diffuse or weak to see
signal overlap. Plants do not always tolerate the expression of two fluorescently tagged proteins
well, especially if the proteins are being over-expressed, leading to co-suppression or partial
degradation of one or both of the proteins (DeBlasio et al. 2010). Screening of additional lines
may yield plants with crisper signal where detection of overlap with TON1a at the PPB is
possible. Alternatively, it is possible that these TRMs interact with TON1a to recruit the TTP
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complex to the cortex of non-dividing cells where TON2 has been shown to regulate microtubule
array organization in interphase cells (Kirik et al. 2012). To address this possibility, TRM33:GFP
lines have been crossed with ton1ab plants expressing mCherry:TUB5, ton2 plants, as well as the
mApple:TON1a and tdTomato:TON2 marker lines. Once homozygous lines have been isolated,
fluorescence may be analyzed to further characterize the function of TRM33 in relation to the
TON1 and TON2 proteins.
TRM13 and TRM14 may be Important for Leaf Cell Polarity
TRM13 and TRM14 transgenic lines exhibited narrow rosette leaves and an increase in
the percentage of under branched trichomes. These phenotypes are also seen in the PM-TON2
transgenic line, where TON2 is ectopically targeted to the plasma membrane (PM; Kirik et al.
2012). Plants expressing PM-TON2 displayed leaf epidermal cells almost completely devoid of
the lobes that are characteristic of that cell type. Leaves of transgenic plants were also shown to
have an increased percentage of under branched trichomes. The altered epidermal cell shape of
PM-TON2 plants was associated with increased arrangement of cortical microtubules parallel to
the leaf width direction and a decrease in the dense microtubule bundles that cause lobe
formation. It was suggested that ectopic targeting of TON2 to the plasma membrane may disrupt
the phospho-regulation of cortical/plasma membrane-associated proteins important for
microtubule array organization, such as the Rho GTPase, ROP6 (Rho of Plants 6), and its
effector, RIC1 (ROP-interacting CRIB-containing protein 1; Kirik et al. 2012). RIC1 is a
microtubule binding protein that interacts with the microtubule severing protein katanin (KTN)
to promote microtubule severing and reorganization into transverse arrays (Fu et al. 2005, 2009;
Lin et al. 2013). Over expression of ROP6 and RIC1 was shown to decrease pavement cell lobe
width and induce more pronounced transverse microtubule organization similar to that seen in
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PM-TON2 plants (Fu et al. 2009). While the role of RICs and ROPs in trichome morphogenesis
have yet to be characterized, the KATANIN1 mutant, fra2, has been shown to have trichomes
that usually only possess two branches (Burk et al. 2001). Another KATANIN1 mutant, ktn1-3,
exhibited pavement cells with reduced lobe length and increased neck width, and randomly
organized cortical microtubule arrays (Lin et al. 2013). TRM13 and TRM14 may target the TTP
complex to the cortex to regulate up-stream targets of the KTN pathway, such as ROP6. Though
no strong changes in leaf epidermal cell shape were noticed in TP1pro:TRM13:GFP and
TP1pro:TRM 14:GFP lines, it is possible that subtle differences are present. Crosses have been
initiated between the TRM13 and TRM14 transgenic lines in an attempt to exaggerate the
epidermal and trichome cell phenotypes. A more comprehensive analysis of lobe length, neck
width, and the number of lobes per cell may then be possible. The ton1ab and ton2 mutants, as
well as mCherry:TUB5, mApple:TON1a, and tdTomato:TON2 marker lines have also been
crossed into TRM13 and TRM14 transgenic plants to further investigate the relationships
between these proteins. Crossing TRM13 and TRM14 lines with PM-TON2 may also be useful
in characterizing the genetic interactions of these proteins in respect to their roles in epidermal
and trichome cell morphogenesis.
PIG-P-Like TRMs may not be Involved in Division Plane Placement
Single, double, and triple mutant analysis for the PIG-P-like subgroup of the TRM
superfamily revealed no apparent cell division plane placement defects. Cell files were well
organized, which is indicative of symmetric cell division. The double and triple mutant crosses
were designed to knock out sets of the PIG-P-like TRMs with the highest sequence similarity in
an effort to account for potential functional redundancy. It is possible that functional redundancy
is so high within this group that aberrant cell division phenotypes may only become evident with
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the creation of quadruple or quintuple mutants. Such a possibility is worth investigating.
However, given the localization patterns and phenotypes of the PIG-P-like related TRMs
presented here, it is likely that the members of this subgroup have diverse functions in various
cell types.
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CHAPTER II: THE ROLE OF NEDD1 AND GIP1A IN MICROTUBULE ARRAY
ORGANIZATION
Abstract
In plants, the -tubulin ring complex (TuRC), is critical for the regulation of microtubule
nucleation and array organization (Zeng et al. 2009; Nakamura et al. 2012). NEDD1, a subunit
associated with the TuRC, is required for proper microtubule organization in the spindles and
phragmoplasts of dividing cells (Zeng et al. 2009) and has been shown to influence the TuRC
mediated nucleation frequency and geometry of microtubules in interphase arrays (Walia et al.
2014). Similarly, another TuRC subunit, GIP1a, labels the nuclear envelope, PPB, and
phragmoplast where it helps maintain microtubule array polarity and stability (Janski et al.
2012). GIP1a was also shown to influence the geometry of TuRC mediated nucleation of
cortical microtubules (Nakamura et al. 2012). Interestingly, GIP1a-associated TuRCs do not
contain NEDD1. It has therefore been proposed that NEDD1 and GIP1a may comprise accessory
subunits of the TuRC that regulate microtubule nucleation in distinct cellular locations
(Nakamura et al. 2012). In this study, ectopic targeting of NEDD1 and GIP1a were carried out to
better characterize the ability of NEDD1 and GIP1a to regulate microtubule nucleation and
organization.
Introduction
Microtubules of higher plants are assembled in a highly organized manner despite the
absence of traditional microtubule organizing centers (MTOCs; Zeng et al. 2009; Janski et al.
2012; Walia et al. 2014). This is largely due to the -tubulin ring complex (-TuRC), an
aggregate of -tubulin and -tubulin complex proteins (GCPs) important for the nucleation and
organization of both interphase and mitotic microtubules (Zeng et al. 2009; Nakamura et al.
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2012; Janski et al. 2012; Walia et al. 2014). -tubulin, also called GCP1, is essential for
nucleation and array organization, though it cannot nucleate new microtubules on its own. GCPs
2 and 3 interact with -tubulin to form the -tubulin small complex (-TuSC), which is a weak
nucleator. High nucleation capability is achieved when several -TuSCs associate with GCPs 4,
5, and 6 to form the -TuRC. In addition to the GCP proteins, sub-populations of -TuRCs have
also been found to include other proteins thought to function in the subcellular targeting of the TuRC to specific nucleation sites (Fishel & Dixit 2013; Hashimoto 2015).
NEDD1 is a WD40 repeat protein (Figure 12) essential for the targeting of -TuRCs to
the spindle body and centrosomes in human cells (Haren et al. 2006; Luders et al. 2006; Manning
& Kumar et al. 2007). NEDD1 has also been found to associate with plant -TuRCs and has been
implicated in both mitotic and interphase -TuRC- related functions (Zeng et al. 2009; Walia et
al. 2014). During cell division, NEDD1 labels the spindle poles and microtubule minus ends in
the phragmoplast and has been shown to be important in microtubule organization. nedd1
Arabidopsis microspores exhibit a failure to restrict the spindle to the peripheral zone and form a
functional bipolar phragmoplast array during the first post-meiotic mitosis. These unorganized
microtubule arrays led to abnormal division planes and aborted cell plates. It has been
hypothesized that NEDD1 recruits the -TuRC to the spindle poles and phragmoplast, acting as
an intermediate to ensure spindle positioning and to promote phragmoplast organization via
minus end branching nucleation (Zeng et al. 2009).
Knockdown of NEDD1 has also been shown to reduce -TuRC recruitment, total
nucleation frequency, and the ratio of branching to parallel nucleation in cortical microtubule
arrays. The reduction of branching nucleation, along with a reduction in the angle of branching
nucleation, led to a shift from complex basket arrays to highly ordered transverse and
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longitudinal arrays in mature pavement cells, affecting cell shape. The normally small, puzzle
piece shaped cells were instead larger, with fewer undulations. The relationship between
nucleation, array organization, and cell shape in the knockdown led the authors to propose that
NEDD1 helps control the frequency, positioning, and geometry of -TuRC mediated nucleation
to influence the organization of microtubule arrays (Walia et al. 2014).
Another -TuRC associated protein in humans, GIP1, has been shown to localize to the
centrosome and mitotic spindle (Janski et al. 2012). GIP1a, one of a pair of small GIP1 proteins
(Figure 12) found to interact with -TuRCs in plants, labels the nuclear envelope, PPB, spindle
poles, and the distal edges of the phragmoplast. Along with GIP1b, GIP1a has been shown to be
critical for normal cell division during embryogenesis (Nakamura et al. 2012). gip1a/gip1b
double knockdowns demonstrated disruption of cellular polarity and patterning in the root apical
meristem. Organization of root cells was disturbed, with collapsing root zones displaying
swollen, irregularly shaped cells. The double knockdowns also exhibited oblique or asymmetric
PPBs, disrupted spindle polarity and microtubule organization, and anaphase delays resulting in
an increase in ploidy (Janski et al. 2012). Aborted seeds in gip1a mutants contain badly
developed embryos with abnormal cell divisions. In cortical arrays, GFP:GIP1a was shown to
associate with minus end nucleation sites on pre-existing microtubules where branching
nucleation was favored over parallel nucleation (Nakamura et al. 2012). gip1a/gip1b
knockdowns also showed a reduction in the density of perinuclear and mitotic microtubule
arrays. It has therefore been hypothesized that GIP1a recruits the -TuRC to the nuclear envelope
prior to cell division and ensures proper -TuRC localization throughout mitosis to maintain
microtubule array polarity and stability (Janski et al. 2012).
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Figure 12. GIP1 & NEDD1 protein schematics. A MOZART1 motif (red) is shown for GIP1a
and GIP1b. WD40 repeats (blue), a WD40 domain (yellow), a coiled coil (army green), and a
serine rich region are shown for NEDD1. Protein diagrams were created using information
available in the Interprot database (www.ebi.ac.uk/interpro/; Mitchell at al. 2019).
Interestingly, GIP1a-associated -TuRCs do not contain NEDD1 in plants (Nakamura et
al. 2012). It has therefore been proposed that NEDD1 and GIP1a may comprise “accessory”
subunits of the TuRC that regulate microtubule nucleation in distinct cellular locations
(Nakamura et la. 2012; Fishel & Dixit 2013). In this study, NEDD1 and GIP1a were ectopically
targeted on microtubules in an attempt to uncover additional information about the roles of these
proteins in microtubule nucleation and organization, especially in relation to cell division.
NEDD1 and GIP1a were successfully mistargeted, localizing not only to microtubule minus
ends, but along the entire lengths of microtubules. However, array organization and cell shape
appeared normal, suggesting that NEDD1 and GIP1a may not be involved in TuRC targeting.
Methods
Plant Growth Conditions
Plates with one half Murashige and Skoog salt and 1% sucrose were used for aseptic
plant growth. A 1:1 soil mixture of Promix HP with mycorrhizae (Premier Tech Horticulture
Ltd.) and Professional Growing Mix (Sun Gro Horticulture Canada Ltd.) was used for plants
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grown in the greenhouse. All plants were grown in an environmentally controlled greenhouse.
Colombia-0 was used as the wild type for all studies.
Ectopic Targeting Constructs
A Multisite Gateway reaction was carried out to create the UBQ promoter:SPIRAL1GFP:NEDD1 and UBQ promoter:SPIRAL1-GFP:GIP1a constructs. Both the UBQ promoter
and the SPIRAL1-GFP inserts were previously recombined into the proper pDONR vectors
corresponding to the first and second positions by another student. Both NEDD1 and GIP1a were
recombined into pDONR221 P2r-P3, corresponding to the third position. The triple Gateway
products were transformed into the tdTomato:TUA5 microtubule marker line.
The primers used to amplify the genomic sequences of NEDD1 and GIP1a are as follows:
NEDD1 aatb2r F: 5’-GGGGACAGCTTTCTTGTACAAAGTGGGAATGATGTCGAA
CTTGTAGAG-3’
NEDD1 attb3 R: 5’-GGGGACAACTTTGTATAATAAAGTTGTCTAAAGCCTTTG
TCTGAGCTC-3’
GIP1a attb2r F: 5’-GGGGACAGCTTTCTTGTACAAAGTGGGAATGGATGAGGA
GGCATCTCGG-3’
GIP1a attb3 R: 5’-GGGGACAACTTTGTATAATAAAGTTGTTCAGTGTATAGA
TGGTGTGGT-3’
Confocal Microscopy
Plants positive for both GFP and tdTomato expression were analyzed using a Leica
DM6000 inverted microscope, a Yokogawa CSUX scanner, and a Photometrics Evolve 512
camera. Time lapse images spanning 2 minutes with 6 second intervals were taken using the
488nm and 561nm lasers. Slidebook 5 (Intelligent Imaging Innovations) and ImageJ (W.
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Rasband, National Institutes of Health, MD) software packages were used for image acquisition
and processing, respectively. Images were used to determine whether ectopic localization of the
NEDD1 and GIP1a proteins on microtubules influences microtubule nucleation and array
organization.
Results
Ectopic Expression of NEDD1 and GIP1a does not Alter Microtubule Branching or Array
Organization
Ectopic expression of NEDD1 and GIP1a was achieved. Instead of localization restricted
to microtubule minus ends in cortical arrays, the GFP fusion proteins were seen as discrete
puncta along the length of interphase microtubules (Figure 13). However, microtubule branching
was not increased in either interphase or mitotic microtubule arrays as predicted. Cell shape and
division plane placement in pavement and root cells also appeared normal.
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Figure 13. Ectopic targeting of NEDD1 and GIP1a to microtubules does not affect microtubule
array organization. SPR1-GFP:NEDD1 and SPR1-GFP:GIP1a fusion proteins were seen along
the lengths on microtubules in cortical arrays. Scale bar = 50µm.
Discussion
NEDD1 and Gip1a Likely do not Function in TuRC Targeting
NEDD1 and GIP1a have both been reported to promote branching nucleation at
microtubule minus ends, a function critical for the proper organization of mitotic and interphase
cortical microtubule arrays (Zeng et al. 2009; Nakamura et al. 2012; Janski et al. 2012; Walia et
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al. 2014). As TuRCs have not been found to contain both NEDD1 and GIP1a simultaneously, it
been proposed that these two proteins function as targeting subunits, directing TuRC activity to
specific subcellular locations (Nakamura et al. 2012; Fishel et al. 2013). Under this model, it
could be expected that mistargeting of NEDD1 and GIP1a proteins would promote TuRC
mediated branching nucleation in abnormal locations, affecting microtubule array arrangement
and cell morphogenesis. When NEDD1 and GIP1a localization was altered to be distributed
along the lengths of microtubules, however, no noticeable changes in array organization or cell
shape occurred. This could be the result of coupling the SPR1-GFP fusion protein to NEDD1 and
GIP1a. The additional peptides may cause misfolding or sterically hinder association with, or
function of, the TuRC, thereby preventing the expected phenotype. NEDD1 and GIP1a have
been previously shown to be oligomeric in solution (Manning et al. 2010; Dhani et al. 2013), so
it is possible that the addition of the addition of SPR1-GFP interferes with oligomerization. It
would be interesting to cross a marker line for one of the core TuRC proteins, such as GCP2,
into the NEDD1 and GIP1a transgenic lines expressing tdTOM:TUA5 to see whether the TuRC
co-localizes with these modified proteins and if it is capable of nucleation. Coimmunoprecipitation could also be performed to verify TuRC interaction.
Another possible explanation for the absence of a change in microtubule array
organization observed upon NEDD1 and GIP1a mistargeting is that the functions of these
proteins in TuRC recruitment and microtubule nucleation are context dependent. For example,
NEDD1 has been shown to function in microtubule minus end anchoring in mouse keratinocytes,
where it did not promote microtubule nucleation (Muroyama et al 2016). It is possible that posttranslational modifications or association with additional TuRC accessory subunits may be
required to promote distinct functions. NEDD1 centrosome and spindle associated functions in
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human cells, for instance, has been shown to be dependent on phosphorylation status (Zhang et
al. 2009; Gomez-Ferreria et al. 2012; Sdelci et al. 2012; Pinyol et al. 2013). It is possible that the
SPR1-GFP-NEDD1 fusion protein is not able to properly associate with the kinases that regulate
NEDD1 function. Mistargeted NEDD1 and GIP1a proteins may also be able to interact with the
TuRC but unable to interact with other TuRC accessory subunits required for TuRC mediated
microtubule nucleation. The GIP1a homologue MOZART1 (MZT) cooperatively binds GCP2,
GCP3, GCP5, and GCP6 to enable TuRC interactions with NEDD1 for targeting and
CDK5RAP2 for activation nucleation activity (CYCLIN DEPENDENT KINASE 5
REGULATORY SUBUNIT ASSOCIATED PROTEIN 2; Cota et al. 2017). Similarly, MZT1
has been shown to directly bind and stabilize the GCP3 homologue ALTERED POLARITY
PROTEIN6 (ALP6) in S. pombe, allowing the interaction of MICROTUBULE ORGANIZER 1
(MTO1) with the TuSC to promote activation (Leong et al. 2019). It is possible that GIP1a also
mediates the interaction of additional accessory subunits with the TuRC in plants, indirectly
regulating TuRC nucleation activity. The inability to interact with other accessory proteins
could be due to spatial or physical separation. Comparisons of protein interactors retrieved from
pulldown assays using wildtype and the SPR1-GFP fusion protein versions of NEDD1 and
GIP1a could help determine whether additional subunits are able to associate with the wild type
proteins. If no differences are found in the composition of the wild type and fusion protein
interactors, it may be worth investigating the localization patterns of common interactors in
SPR1-GFP-NEDD1 and SPR1-GFP-GIP1a transgenic plants to see if the interactions are
realized when NEDD1 and GIP1a localization patterns are altered.
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CHAPTER III: IDENTIFICATION OF RANGAP1 INTERACTING PROTEINS
Abstract
RanGAP1 is a RanGTPase-activating protein necessary for the conversion of RanGTP to
RanGDP. In plants, RanGAP1 has been shown to be important for the regulation of mitotic
cytoskeletal arrays (Xu et al. 2008; Boruc et al. 2015). During cell division, RanGAP1 is
recruited to the preprophase band of cortical microtubules (PPB) at the cortex. RanGAP1
remains at the cortical division site after PPB dissolution, labeling the outer edge of the
phragmoplast and cell plate throughout mitosis and cytokinesis. Plants with reduced levels of
RanGAP1 exhibit abnormal cell shape, incomplete and abnormally positioned cell walls, and
disorganized cell files in the root meristem (Xu et al. 2008; Boruc et al. 2015). Though
RanGAP1 has been shown to be important for division plane placement, its precise role in cell
division is not yet understood. In an attempt to learn more about the cell division related
functions of RanGAP1, we performed a yeast two-hybrid analysis to determine potential
RanGAP1 interacting proteins. Future characterization of these proteins could yield important
clues to the nature of RanGAP1 involvement in plant cell division.
Introduction
RanGAP1 is a RanGTPase-activating protein (Figure 14) necessary for the conversion of
RanGTP to RanGDP. Ran is a small GTPase important in the nuclear import/export process, as
well as mitotic spindle assembly in vertebrates (Melchior 2001; Xu et al. 2008; Fu & Jiang 2010;
Boruc et al. 2015). During nuclear import, importins bind cargo with nuclear localization signals
in the cytosol. Upon entry into the nucleus, RanGTP binds importins, stimulating the release of
their cargo. RanGTP-complexed importins are transported to the cytoplasm, where Ran Binding
Proteins (RanBPs) and RanGAP stimulate GTP hydrolysis and importin release. RanGDP is then
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transported back into the nucleus where RanGEF stimulates the exchange of GDP for GTP.
During nuclear export, exportins and RanGTP bind cargo with nuclear export signals. After
being relocated to the cytoplasm, RanBPs and RanGAP stimulate GTP hydrolysis and the
dissociation of the export complex. RanGDP and the exportin are then transported back into the
nucleus where RanGEF causes the exchange of GDP for GTP. Upon breakdown of the nuclear
envelope at the onset of mitosis, RanGEF binds histone proteins and stimulates the conversion of
RanGDP to RanGTP at the site of spindle assembly. RanGTP then binds importins, causing the
release of importin-bound spindle assembly factors. Spindle assembly factors go on to promote
microtubule nucleation and to activate other proteins necessary for proper spindle formation
(Melchior et al. 2001; Fu & Jiang 2010).

Figure 14. RanGAP1 protein schematic. The WPP domain (cyan) and the leucine rich domain
for RanGAP1 are shown. The protein diagram was created using information available in the
Interprot database (www.ebi.ac.uk/interpro/; Mitchell at al. 2019).
Contrary to the prominent role of RanGEF/RanGTP in the promotion of vertebrate
spindle assembly, RanGAP1 appears to have a more important role in regulating plant mitotic
arrays (Xu et al. 2008; Boruc et al. 2015). As the PPB narrows in late prophase, positive markers
of the cortical division site, such as RanGAP1, are recruited to the PPB at the cell cortex. In the
case of RanGAP1, this process has been shown to depend on TON2 activity (Xu et al. 2008).
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RanGAP1 persists at the cortical division site post-PPB disassembly throughout mitosis and
cytokinesis, labeling the outer edge of the phragmoplast and cell plate. Reduction of RanGAP1 is
associated with abnormal cell shape, incomplete and abnormally positioned cell walls, and
disorganized cell files in the root meristem (Xu et al. 2008; Boruc et al. 2015). It has been
proposed that RanGAP1 helps regulate microtubule polymerization by creating localized areas of
reduced RanGTP, preventing downstream activation of microtubule nucleation factors.
RanGAP1 may therefore aid in the disassembly of the PPB and fine-tuning of phragmoplast
vesicle delivery via regulation of microtubule polymerization (Xu et al. 2008). It has been
alternatively hypothesized that during mitosis, RanGAP1 promotes the sequestration of proteins
that normally mask nucleation factors during interphase, aiding in the formation of later mitotic
arrays (Boruc et al. 2015). RanGAP1 has also been shown to promote vesicle fusion, putting
forth an alternative possible function for RanGAP1 at the phragmoplast and cell plate (Zhang et
al. 2001). Investigation into the interacting partners of RanGAP1 may bring insight into the
validity of these hypotheses and the precise roles of RanGap1 in cell division.
Methods
Plant Growth Conditions
Plates with one half Murashige and Skoog salt and 1% sucrose were used for aseptic
plant growth. A 1:1 soil mixture of Promix HP with mycorrhizae (Premier Tech Horticulture
Ltd.) and Professional Growing Mix (Sun Gro Horticulture Canada Ltd.) was used for plants
grown in the greenhouse. All plants were grown in an environmentally controlled greenhouse.
Colombia-0 was used as the wild type for all studies.
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Yeast-2-Hybrid Assay
The RanGAP1 coding sequence in pCD2 was used as bait and the cDNA library CD4-30
in pAD-GAL4 was used as prey. Colonies were verified via lacZ blue-white screening and then
PCR amplified using the GAL4 AD forward and reverse primers. The PCR products were
sequenced, and the interacting proteins were identified using BLAST
(https://blast.ncbi.nlm.nih.gov; Johnson et al. 2008).
Isolation of Interactor Plasmids
Yeast plasmids for At3g50910, At4g14760, At1g22060, At3g44050, At5g25070, and
WIT2 (At1g68910) were isolated using the E.Z.N.A. Yeast Plasmid Mini Spin Kit by Omega.
Interactor plasmids were transformed into, isolated from E. coli, and sequenced to verify the prey
identity. We were unable to recover a plasmid for At4g17210.
Direct Yeast-2-Hybrid Test
The plasmids for At3g50910, At4g14760, At1g22060, At3g44050, At5g25070, and
WIT2 (At1g68910) were transformed back into yeast containing the RanGAP1 bait plasmid,
alongside yeast containing the RanGAP1AAP bait plasmid. RanGAP1AAP encodes a mutant form of
RanGAP1 that maintains functionality but no longer localizes to the PPB (Boruc et al. 2015).
Selection plates containing histidine were used to verify that the transformations worked, and
interaction plates containing 3mM3AT were used to verify that the prey are true interactors.
WIT2 was included as a positive control for wildtype RanGAP1 interaction and as a negative
control for RanGAP1AAP interaction (Boruc et al. 2015). Proteins that were able to interact with
RanGAP1AAP were omitted from further analysis since it is unlikely that they have a PPB related
function.
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N-terminal GFP Fusions for RanGAP1 Interacting Proteins
The genomic sequences of At3g50910, At1g22060, At3g44050, and At4g17210 were
cloned into the vector pK7FWG2, which was modified to have the TRANSLATIONALLY
CONTROLLED TUMOR PROTEIN (At3g16640) promoter drive expression of the given GFPprotein fusions. The GFP-interactor constructs were then transformed into wild type plants and
the tdTomato:TUA5 microtubule marker line.
The primers used to amplify the genomic sequences of At3g50910, At1g22060,
At3g44050, and At4g17210 are as follows:
At3g50910 atb1 F: 5’-GGGGACAAGTTTGTACAAAAAAGCAGGCTTCGAAGA
TGATTATTCCAATGGAG-3’
At3g50910 attb2 R: 5’-GGGGACCACTTTGTACAAGAAAGCTGGGTTTCATTC
ATCCTTAAGAGATACTTC-3’
At1g22060 attb1 F: 5’-GGGGACAAGTTTGTACAAAAAAGCAGGCTTCGATGT
GGAATCTGCCCTTAACC-3’
At1g22060 attb2 R: 5’-GGGGACCACTTTGTACAAGAAAGCTGGGTTTTAATG
TTCACCAAGAGTTGCTG-3’
At3g44050 attb1 F: 5’-GGGGACAAGTTTGTACAAAAAAGCAGGCTTCGCTTG
GGGAAAGATCGAGACAG-3’
At3g44050 attb2 R: 5’-GGGGACCACTTTGTACAAGAAAGCTGGGTTTCAGTG
AGAAACTTCAAGCAACC-3’
At4g17210 attb1 F: 5’-GGGGACAAGTTTGTACAAAAAAGCAGGCTTCATGGC
GAAGATCAGAACGG-3’
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At4g17210 attb2 R: 5’-GGGGACCACTTTGTACAAGAAAGCTGGGTTCTACAA
GTCTTGTGGTTTCCATTTTC-3’
Results
Identification of RanGAP1 Interacting Proteins
A yeast two-hybrid assay was completed using the full length RanGAp1 cDNA as bait.
Approximately 100 positive colonies containing RanGAP1 prey were identified and sequenced,
yielding seventeen unique interacting proteins (Supplementary Table 2). Two of the identified
proteins are known to be WPP domain-interacting proteins required for RanGAP1 localization at
the nuclear envelope, WIT1 and WIT2 (Xu et al. 2007; Zhao et al. 2008). Six of the remaining
fifteen potential interactors were selected for further analysis based on information available
regarding their predicted functions (Table 1). Among these proteins are a kinase interacting
family protein and a putative cytoskeletal homologue (Araport; www.araport.org; Krishnakumar
et al. 2014; Gardiner et al. 2011). Plasmids for At3g50910, At4g14760, At1g22060, At3g44050,
At5g25070, and WIT2 (At1g68910) were isolated for direct testing with RanGAP1 bait
constructs. We were unable to recover a plasmid for At4g17210.
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Table 1
RanGAP1 Interacting Proteins Selected for Further Study. The gene IDs, gene names, and
predicted functional information are listed for each RanGap1 interacting protein selected for
further study. Predicted functional information was gathered using Araport and TAIR
(www.araport.org; Krishnakumar et al. 2014; https://www.arabidopsis.org; Berardini et al.
2015).

At3g50910, At4g14760, At1g22060, At3g44050, At5g25070, and WIT2 (At1g68910)
were tested for their ability to interact with wild type RanGAP1 and RanGAP1AAP, a mutant form
of RanGAP1 that maintains GAP function but no longer localizes to the PPB (Boruc et al. 2015).
We discovered that At4g14760 was able to interact with both wild type RanGAP1 and
RanGAP1AAP, while all other interactors could only bind the wild type protein (Figure 15). This
suggests that At4g14760 is likely not important for RanGAP1 localization and/or function at the
cortical division site.
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Figure 15. At4g14760 Interacts with RanGAP1AAP. Of the RanGAP1 interacting proteins tested
for their ability to differentially interact with wild type RanGAP1 and RanGAP1AAP, only
At4g14760 also interacted with RanGAP1AAP.
N-terminal GFP fusions to the genomic sequences of At3g50910, At1g22060,
At3g44050, and At4g17210 were created and transformed into wild type plants and a
microtubule marker line. Cloning attempts of At5g25070 were unsuccessful. Plants are being
selected for fluorescent signal so that localization patterns may be determined in future
generations of each transgenic line.
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Discussion
Though RanGAP1 has been shown to be a positive marker at the cortical division site, its
role in cell division is not yet understood. It has been proposed that RanGAP1 may aid in the
disassembly of the PPB and fine-tuning of phragmoplast vesicle delivery via regulation of
microtubule polymerization (Xu et al. 2008). It has also been hypothesized that during mitosis,
RanGAP1 promotes the sequestration of proteins that normally mask nucleation factors during
interphase, aiding in the formation of later mitotic arrays (Boruc et al. 2015). RanGAP1 has also
been shown to promote vesicle fusion, putting forth an alternative possible function for RanGAP1
at the phragmoplast and cell plate (Zhang et al. 2001). Investigation into the interacting partners
of RanGAP1 may bring insight into the validity of these hypotheses and the precise roles of
RanGap1 in cell division.
In our study we were able to identify several potential RanGAP1 interacting proteins, of
which six were selected for further study. At3g50910 was identified in stress response and pollen
tube growth transcriptome studies (Stanley et al. 2005; Wang et al. 2008) and is predicted to
contain coiled coil and transmembrane domains (Interprot; www.ebi.ac.uk/interpro/; Mitchell at
al. 2019). A transmembrane domain could place this protein at, or in route to, the cortex during
division plane establishment or placement, which is an intriguing possibility. At4g14760 is known
as NETWORKED1B (NET1B), a member of an actin-binding superfamily (Deeks et al. 2012).
We were able to determine that this protein is able to interact with RanGAP1AAP, a mutant form of
RanGAP1 that maintains activity but is no longer to localize to the PPB. This suggests that NET1B
may not be involved in RanGAP1 function at the PPB. At1g22060 is predicted to be expressed in
the cytoplasm and vacuole, and to contain F- box and leucine rich domains, which are often
important in protein-protein interactions (Araport; www.araport.org; Krishnakumar et al. 2014).
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At3g44050 contains a kinesin motor domain and is predicted to be involved in microtubule-based
movement (Araport; www.araport.org; Krishnakumar et al. 2014). This could be interesting
because the maintenance of RanGAP1at the cortical division site has been previously shown to
depend on the Phragmoplast-Orienting Kinesins POK1 and POK2 (Xu et al. 2008), and it is
possible that At3g44050 is also important for RanGAP1cell division related functions. At5g25070
is an unknown protein predicted to have several coiled coil domains and to localize to the cytosol
(Araport; www.araport.org; Krishnakumar et al. 2014). Finally, At4g17210 was identified in a
screen for putative homologues of metazoan cytoskeletal proteins (Gardiner et al. 2011).
Characterization of this protein could bring more insight into the potential role of RanGAP1 in
cytoskeletal regulation.
This study has laid the groundwork for future analysis of the selected RanGAP1 interactors.
The localization patterns of these RanGAP1 interacting proteins will be able to be characterized
in the near future, which will enable us to determine whether they are at the cortical division site.
This information could then be used to perform mutant analyses for those proteins that could
potentially have a cell division related function. Results from these future studies may provide us
with a greater understanding of role of RanGap1 in cell division.
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CHAPTER IV: MEDIATOR SUBUNIT INVOLVEMENT IN PAPILLAE DEVELOPMENT
ON TRICHOME CELL WALL SURFACES
Abstract
The plant cell wall plays an important role in communication, defense, organization and
support. The importance of each of these functions varies by cell type, with specialized cells,
such as Arabidopsis trichomes, or leaf hairs, exhibiting distinct cell wall characteristics,
including papillae. To better understand the molecular processes important for papillae
development on the cell wall surface, we identified the GLASSY HAIR 1 (GLH1) and GLASSY
HAIR 2 (GLH2) genes, which are necessary for papillae formation. We previously found that a
splice-site mutation in MED25, a gene encoding a subunit of the transcriptional Mediator
complex, is responsible for the papillae-less phenotype of the glh1 mutant. Elemental analysis
indicates that calcium ion accumulation in trichomes is strongly reduced in glh1 mutants,
suggesting that the processes important for papillae deposition may also be important for calcium
deposition at the trichome cell wall surface. Fortuitously, the glh2 mutation was mapped to a
gene encoding the Mediator complex subunit MED16. A GFP-MED16 fusion was shown to
localize to the nucleus, consistent with a role in transcriptional regulation. The MED25 and
MED16 genes are expressed in trichomes. The expression of the trichome development marker
genes GLABRA2 (GL2) and Ethylene Receptor2 (ETR2) is not affected in the glh1 or glh2
mutants. Collectively, the presented results show that MED25 and MED16 are necessary for
papillae formation on the cell wall surface of leaf trichomes and that the Arabidopsis MED25
and MED16 Mediator components are likely involved in the transcription of a subset of genes
that promote papillae deposition in trichomes.
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Introduction
The plant cell wall is a versatile structure, serving integral roles in mechanical support,
morphogenesis, cell elongation, defense, and signaling. Such diversity in function is matched by
a diversity in cell wall structure and composition amongst the different cell types. Depending on
cell identity, cell walls can vary in thickness, number of layers, makeup of embedded substances,
and density of plasmodesmata (Taiz & Zeiger 2010). The leaf cell hairs, or trichomes, of the
Arabidopsis plant, for instance, possess cell walls with a high ratio of pectic to cellulosic sugars.
This is indicative of a biochemical composition more like that of a primary cell wall (Marks et al.
2008). Primary cell walls are found across cell types and are considered relatively unspecialized
in structure and composition (Taiz & Zeiger 2010). However, trichome cell walls are also
birefringent and thick, with rounded, subcuticular depositions on their surfaces. These are
characteristics typical of secondary cell walls (Potikha & Delmer 1995; Marks et al. 2008).
Secondary cell walls form in certain cell types underneath the primary cell wall after cell growth
has stopped. In contrast to primary cell walls, secondary cell walls are often highly specialized in
structure and composition (Taiz & Zeiger 2010). Due to its unique cell wall characteristics, the
Arabidopsis leaf trichome represents an excellent model for studying the mechanisms of cell
wall biogenesis and development (Marks et al. 2008).
Papillae are localized structures of unknown composition on the trichome cell wall
surface. Numerous papillae develop as raised, rounded subcuticular structures that give the
trichome cell surface a bumpy appearance visible under scanning electron microscopy. The
functions of Arabidopsis trichomes and their papillae remain largely unknown. It has been
suggested that trichomes may reflect incoming light to regulate leaf temperature, decrease water
loss, and reduce the transmission of harmful Ultraviolet (UV) radiation onto the leaf surface
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(Ehleringer et al. 1981; Karabourniotis et al. 1995, 2019; Yan et al. 2012). Upon the UVB
exposure, Arabidopsis plants have been shown to increase trichome density and cell wall
thickness (Kulich et al. 2015). It is possible that papillae play some role in these functions as
mutants deficient in papillae formation exhibit trichomes with different optical properties than
those of wild type plants (Suo et al. 2013).
When viewed under a dissecting microscope, wild type plants exhibit trichomes of a
nearly opaque, white color. The white appearance of these trichomes is believed to be a product
of light scatter caused by papillae on the surface of the trichome cell wall (Suo et al. 2013). In
this way, the uneven surface area created by papillae function in a similar manner to the etching
on the surface of frosted glass. When fewer papillae are present on the cell wall surface, more
light is permitted to pass through the trichome. Cell wall mutants of this sort are described as
having a more translucent, “glassy” trichome phenotype compared to the “frosted” trichomes as
seen in wild type plants. Two genes, GLH1 and GLH2, have been identified that are important in
the formation of papillae on trichome cell walls (Suo et al. 2013). These genes encode two
different subunits of the Mediator complex, which links gene-specific transcription factors to
RNA polymerase to regulate transcription.
Mediator is a multi-subunit complex that connects sequence specific, enhancer-bound
transcription factors to the transcriptional machinery at promoters (Malik et al. 2017; Jeronimo
and Robert 2017). Though sequence similarity of Mediator subunits is low across Eukaryotic
taxa, the overall structure of the complex is conserved (Dotson et al. 2000; Cai et al. 2009).
Mediator subunits are organized into four different modules. The head and middle modules
interact with RNA polymerase II and general transcription factors at promoters. The tail module
binds sequence specific transcription factors at enhancers, and the kinase module reversibly
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associates with the rest of the complex to regulate transcription (Cevher et al. 2014; Tsai et al.
2014; Plaschka et al. 2015; Robinson et al. 2016; Tsai et al. 2017).
In plants, Mediator is composed of 34 distinct subunits: MED1-MED23, MED25,
MED26, MED28, MED30, MED31, MED34-MED37, CYCLIN-DEPENDENT KINASE 8
(CDK8), and CYCLIN C (CYC) (Mathur et al. 2011). Plant Mediator has been shown to be
involved in the regulation of plant biotic and abiotic stress responses, metabolite homeostasis,
and various aspects of plant growth and development (Yang et al. 2016; Samanta and Thakur
2015; Malik et al. 2017). Even single subunits can be important for a broad range of
physiological processes. The Mediator tail subunit MED16, for instance, was noted for its role in
cold acclimation (Warren et al. 1996; Knight et al. 1999, 2009), and has been implicated in
jasmonic acid and ethylene crosstalk during ethylene-mediated inhibition of jasmonic acidinduced wound-response (Wang et al. 2015). The same subunit has been shown to be important
for the induction of jasmonic acid/ethylene responsive defense and resistance genes upon
application of methyl jasmonate/1-aminocyclopropane-1-carboxylic acid or necrotrophic fungal
infection (Wathugala et al. 2012; Zhang et al. 2012; Wang et al. 2015), as well as for systemic
acquired resistance to biotrophic pathogens (Wathugala et al. 2012; Zhang et al. 2012; Fu &
Dong et al. 2013). Under long day conditions, plants harboring a mutation in the MED16 gene
display delayed flowering and reduced expression of photoperiod and circadian clock genes,
implicating the subunit in the integration of internal and external cues to influence plant growth
and development (Knight et al. 2008). Studies investigating the oriented cell expansion mutant,
cobra 6, led to the discovery that MED16 also plays a role in the regulation of pectin
esterification and cellulose biosynthesis (Sorek et al. 2015). Furthermore, MED16 has been
shown to interact with MED25, another Mediator tail subunit, shown to maintain iron
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homeostasis in iron-limiting conditions via recruitment of FER-LIKE IRON DEFICIENCYINDUCED TRANSCRIPTION FACTOR (FIT) (Yang et al. 2014; Zhang et al. 2014).
The MED25 subunit has been shown to regulate jasmonate and abscisic acid signaling
pathways through interacting with the MYC2 and ABI5 transcription factors (Chen et al. 2012).
These signaling pathways play integral roles in mounting defensive and stress responses
(Dhawan et al. 2009; Kidd et al. 2009; Chen et al. 2012). MED25 is also known to be involved in
the regulation of flowering time in reaction to light quality (Inigo et al. 2012), in organ
development through the restriction of cell proliferation and expansion (Xu & Li 2011), and in
repression of Phytochrome B light signaling via interaction with the drought response element
binding protein 2A (Elfving et al. 2011). It has therefore been proposed that MED25 aids in the
integration of several different pathways, enabling plants to respond appropriately to various
stressors and developmental cues (Malik and Roeder 2010; Elfving et al. 2011; Inigo et al. 2012).
In this study, we demonstrate that the MED25 and MED16 subunits are also required for
papillae development on the cell wall surface of Arabidopsis leaf cell hairs. The MED16 mutant
alleles, glh2-1 and glh2-2, were discovered alongside several other glassy mutants, including the
MED25 mutant glh1, in a screen for trichome maturation mutants (Suo et al. 2013). Here, we
performed a screen of additional Mediator tail subunit mutants, revealing that med2, med14, and
med15a also exhibit a glassy trichome phenotype. Together, the presented data suggest that in
Arabidopsis, a subset of Mediator tail subunits is required for the transcriptional regulation of
papillae promoting genes.
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Methods
Plant Materials and Growth Conditions
The glh1, glh2-1, and glh2-2 mutant alleles were generated by ethyl methanesulfonate
(EMS) mutagenesis (Suo et al. 2013). The 35S::GFP:MED16 plant line (Knight et al. 2009) was
used for gene expression analysis. The ETR2pro::GUS (Plett et al. 2009) and GL2pro::GUS
(Szymanski et al. 1998) plant lines were crossed with the glh2-1 mutant to assess trichome
development.
For aseptic plant growth, plates containing one half Murashige and Skoog (MS) salts with
1% sucrose were used. A soil mixture consisting of one half Promix HP with mycorrhizae
(Premier Tech Horticulture Ltd.) and one half Professional Growing Mix (Sun Gro Horticulture
Canada Ltd.) was used for plants grown in pots. All plants were grown in an environmentally
controlled greenhouse. Colombia-0 was used as the wild type for all studies.
Gene and Mutation Identification
PCRs on wild type and glh1 mutant cDNAs were performed to test the effect of the
previously identified splice site mutation on MED25 RNA transcript processing. Amplification
of the Elongation Factor 1 cDNA (EF1) was used as a control. The sequences of the primers
used to amplify the region spanning the mutated splice junction of MED25 and the EF1
transcript are as follows:
MED25 RT PCR F: 5’-GCTCAACCAAGTAACGATCTG-3’
MED25 RT PCR R: 5’-CACTTTCACAGGGCTCTGAGT-3’
EF1s: 5’-ATGCCCCAGGACATCGTGATTTCAT-3’
EF1as: 5’-TTGGCGGCACCCTTAGCTGGATCA-3’
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Columbia ecotype glh2 glassy trichome mutants were crossed with Landsberg erecta
ecotype plants. Genomic DNA was isolated from tissue samples of F2 plants displaying the
mutant phenotype. Simple sequence length polymorphism (SSLP), cleaved amplified
polymorphism (CAP) and derived CAP (dCAP) markers were used to determine the frequency
of recombination events at a given chromosomal location (Meinke et al. 1998; Lukowitz et al.
2000).
MED16 was sequenced in the glh2-1, glh2-2, and Columbia backgrounds. The sequences
were aligned to identify the nucleotide mutation for each mutant.
MED16 Gene Constructs
The MED16pro::GUS construct was created by first amplifying the Arabidopsis MED16
promoter using the following primers:
MED16 Pro attb1: 5’-GGGGACAAGTTTGTACAAAAAAGCAGGCTCCAGATCT
TGGACTGTCACAGAGC-3’
MED16 Pro attb2: 5’-GGGGACCACTTTGTACAAGAAAGCTGGGTCCAACGAA
AGCAAACAAAACCC-3’
The 1,755bp promoter product was then inserted into pDONR221, sequenced, and
introduced into pMDC162 (Curtis and Grossniklaus 2003).
The pK7WGF2 plasmid containing MED16 cDNA was provided by Dr. Heather Knight
at Durham University, England.
GUS Staining and Microscopy
Two-week-old seedlings were incubated at 37C overnight in GUS staining solution (Xu
& Li 2011). A Leica CCD camera was used to capture light microscopy images of the samples.
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Localization of the GFP:MED16 fusion protein was performed using the 488nm laser of
a Leica DMI6000B spinning disc confocal microscope. Images were processed using ImageJ
software.
Leaves three, four, and five of three-week-old plants were prepared for high vacuum
scanning electron microscopy via primary fixation in a 4% glutaraldehyde-phosphate buffer
solution. After 2 h, the primary fixative was removed and the plant tissue was rinsed three times
with phosphate buffer, 10 min per wash. A secondary fixation was carried out using a 1%
osmium tetroxide-phosphate buffer solution. The secondary fixative was removed after 1 h and
the plant tissue was rinsed as before. Samples were then dehydrated via 10 min incubations in
increasing concentrations of ethanol: 10, 30, 50, 70, 95, 100, 100, 100%. The samples were
subjected to critical point drying, mounted on stubs, and sputter coated with gold for 4 min.
Images were taken using the high vacuum mode setting on the FEI Quanta 450 scanning
electron microscope using the following conditions: 250x and 1000x magnification, 3.0 spot
size,12.5kV, and an average of 4.857e-6 Torr.
Papillae Quantification
Papillae were counted within a 200px x 300px (24.84m x 37.50m) region of each
1000x trichome base micrograph. Average densities were compared using a one-way analysis of
variance, followed by a Ryan-Einot-Gabriel-Welsch multiple comparisons test.
X-Ray Elemental Analysis
Trichomes were viewed using the high vacuum mode setting on the FEI Quanta 450
scanning electron microscope at 5000x magnification. X-ray analysis was performed using a
1µm2 region of interest for approximately 2,000 frames per sample using an X-MAX silicon drift
detector and INCA software (Oxford Instruments). Analyses were performed on glh1 trichome
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cell walls, Columbia inter-papillae regions, and Columbia papillae. Once spectra were acquired
for mutant and wild type trichomes, peak heights were measured for calcium. A two-tailed twosample t-test was performed to compare the elemental make-up of wild type and mutant trichome
cell wall surfaces.
ICP Elemental Analysis
Trichomes were isolated as described in Marks et al. (2008). Isolated trichomes were resuspended in approximately 10 ml PBS (potassium salts only). Six aliquots of 5μl were removed
for cell counts to determine trichome concentration. Aliquots of approximately 3,000 trichomes
were distributed into vials and buffer was aspirated. Each vial of trichomes was prepared for ICP
analysis by adding 0.5ml of concentrated nitric acid, 0.5ml concentrated hydrochloric acid, and
9.0ml of nanopure water.
Thirteen standards ranging from 0.01ppm to 15.0ppm were prepared using the ICCA
VeriSpec Instrument Calibration Standard 5 stock solution (1,000ppm). For each standard, a
given volume of stock solution was diluted with 5.0ml concentrated nitric acid, 5.0ml
concentrated hydrochloric acid, and nanopure water up to 100ml.
Standards and samples were run on an Optima 8300 ICP-OES Optical Emission Spectrometer
produced by Perkin Elmer. The program Syngistix for ICP was used in conjunction with the
spectrometer to process the results. The read parameters were set to auto, with a delay time of
45sec, and 3 replicates. The Perkin Elmer blank solution was run prior to standards and samples
to determine background signal. Sample intensity values were recorded for the calcium
315.887nm and calcium 393.366nm emission wavelengths and exported to Microsoft Excel for
data analysis. Corrected intensities were calculated by subtracting the blank intensity value from
the standard and sample intensity values. A standard curve was generated by plotting the
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corrected standard intensities against the standard concentrations. Using the equation for the
linear regression line, the concentration of calcium was calculated for each sample. A two-tailed
two-sample t-test was performed to compare calcium concentrations between wild type and
mutant samples.
Bioinformatic Analysis of Microarray Data
Data sets were obtained from the public microarray database ArrayExpress
(http://www.ebi.ac.uk/arrayexpress; Athar et al. 2018). Quality control, pre-processing, and
statistical comparisons were performed using the gene expression data analysis platform
ArrayAnalysis (www.arrayanalysis.org; Eijssen et al. 2013). The GC-RMA normalization
method was used to ensure that distributions were comparable between arrays. Dataset
comparisons were carried out and significant genes lists were compiled using the following
criteria: P value ≤ 0.05, fold change ≥ 2, average expression ≥ 5. The significant genes lists were
then filtered and compared using the data integration, analysis, and workflow management
platform Galaxy (https://usegalaxy.org; Afgan et al. 2018). Gene descriptions and any predicted
or known functional information were found using The Arabidopsis Information Resource
(TAIR; https://www.arabidopsis.org; Berardini et al. 2015).
UV Absorption Test
Wild type and glh1 trichomes were isolated as described in Marks et al. (2008). Isolated
trichomes were re-suspended in approximately 5ml PBS (potassium salts only). Five aliquots of
5μl were removed for cell counts to determine trichome concentration. Aliquots of
approximately 2,000 trichomes were resuspended in 200µl PBS (potassium salts only) and
transferred to a 96 well UV-transparent microplate. Wells containing 200µl aliquots of clean
PBS (potassium salts only) served as blanks. Absorbances at 290nm, 305nm, and 320nm were
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recorded. Absorbance values for wild type and glh1 trichomes at each wavelength were
compared using a Student’s t-test.
qPCR
RNA was isolated from 80mg tissue samples enriched for trichomes using TRIzol reagent
(Invitrogen). Samples were DNase treated using the DNA-free DNA Removal Kit (Ambion).
cDNA synthesis was completed using the RevertAid First Strand cDNA Synthesis Kit
(Fermentas). qPCR was performed on 4.5ng cDNA in a 10µl reaction volume using the
PowerUp SYBR Green Master Mix (Applied Biosystems). No template control reactions were
used to monitor for contamination and primer-dimer formation. A QuantStudio Real-Time PCR
System (Applied Biosystems) and its associated software was used to collect expression data.
Cycle settings were as follows:

Results
A Mutation in the MED25 Gene Causes a Glassy Trichome Phenotype
glassy hair1 mutant trichomes form fewer, undersized, flatter papillae in comparison to
wild type trichomes (Figure 16a; Suo et al. 2013). The glh1 mutation was previously mapped to
the upper arm of Arabidopsis thaliana’s chromosome 1 within the F2J7 BAC (Figure 16b). The
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SALK_129555c line, which harbors a T-DNA insertion in the gene encoding the MED25
component of the transcription Mediator complex, was found to exhibit glassy trichomes. The
MED25 gene was sequenced in the glh1 mutant background, revealing a Guanine to Adenine
substitution at the beginning of the sixth intron (Figure 16c), affecting the splice junction
sequence. Such an altered splice junction sequence is likely to cause a splicing malfunction,
which could result in a truncated or extended protein.
As part of my dissertation research, the effects of the glh1 mutation on transcript splicing
was tested. The cDNA region surrounding the MED25 mutation site was PCR amplified using
primers binding within the fifth and seventh exons. In the reactions on cDNA using MED25
primers, wild type plants produced a single band of 396bp, while mutant plants produced several
bands ranging from approximately 300bp to 600bp (Figure 16d). The presence of multiple bands
amplified from the glh1 mutant cDNA indicates that multiple splice variants are being produced.
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Figure 16. A mutation in MED25 is responsible for the glh1 phenotype. In comparison to wild
type plants, glassy hair1 mutants possess trichomes with a low density of underdeveloped
papillae on their cell wall surfaces (a). The glh1 mutation was mapped to an 82 kb region on
chromosome 1. The names of the markers and the number of recombinants in relation to the
number of chromosomes tested are indicated (b). MED25 was sequenced in the glh1 background
and aligned with wild type Columbia sequences, revealing a point mutation at the beginning of
the sixth intron that resulted in a Guanine to Adenine substitution (c). PCR amplification of
Arabidopsis MED25 cDNA using MED25 primers yielded a single band of 396 bp for wild type
plants and several bands ranging from approximately 300 to 600 bp for mutant plants. The PCR
on wild type genomic DNA (g) using MED25 primers generated a single band of 634 bp in
length. Reactions on cDNA using EF1 primers was used as a control (d). Scale bar = 75 μm (a).
As part of my Master’s research the SALK_129555c T-DNA line (Figure 17C, C’) was
crossed with the glh1 line (Figure 17B, B’) to test for genetic complementation, and the
pPZP212 vector containing a genomic fragment with the MED25 regulatory (1867bp) and
coding (5055bp) regions was transformed into the mutant to test if the MED25 gene can rescue
the glassy phenotype of glh1. It was discovered that the SALK line failed to complement the
glh1 glassy trichome phenotype, while the functional copy of MED25 rescued the mutant
phenotype, resulting in frosted trichomes. More advanced documentation and quantitative
analysis of the resultant trichomes phenotypes was completed as part of my doctoral research and
is presented here.
Examination of the F1 trichome phenotype from the glh1 x SALK_129555c cross
revealed that the progeny possessed glassy trichomes with underdeveloped papillae at a low
density (Figure 17e, e’), indicating no complementation. The T1 generation of lines expressing
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MED25pro::MED25 in the glh1 background exhibited trichomes with a frosted appearance and
numerous well-developed papillae, demonstrating a mutant rescue (Figure 17a, a’; Figure 17d,
d’). Papillae density analysis revealed that the glh1, SALK_129555c, and glh1 x SALK_129555c
F1 lines possessed significantly fewer papillae than Columbia wild type, whereas the rescued
plants showed more papillae than the original glh1 line (Figure 17f).

Figure 17. MED25 expression complements the glh1 mutant phenotype. Wild type (Col)
trichomes exhibit a high density of papillae (a, a’). glh1 (b, b’), SALK_ 129555c (c, c’), and
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glh1 x SALK_129555c F1 (e, e’) trichomes display few, underdeveloped papillae.
MED25pro::MED25 glh1 (d, d’) trichomes possess restored papillae development. The density
of papillae in a defined region was quantified for wild type, SALK_129555c, glh1, glh1 x
SALK_129555c, and MED25pro::MED25 glh1 trichomes. Average densities were compared
using a Student’s t-test (n = 13 for glh1, n=10 for all other plant lines, ** indicates P < 0.01, ***
indicates P < 0.001) (f). Scanning electron micrographs of whole trichomes at 500x
magnification, scale bar = 50m (a-e). Scanning electron micrographs of trichome bases at
1000x magnification, scale bar = 30m (a’-e’).
Collectively, these results confirmed the identity of GHL1 as MED25 and indicated that
the glh1 mutation is a loss-of-function MED25 allele. Another mutant allele of the Arabidopsis
MED25 gene, described as pft1, showed delayed flowering time when plants were grown under
long-day conditions (Cerdan & Chory 2003). Since the names GLH1, PFT1, and MED25
represent the same gene, we will henceforth refer to it as MED25.
Calcium Ion Accumulation is Reduced in glh1 Mutant Trichomes
Previous elemental analyses of the glassy trichome mutants, gl3-sst and gl3-sst sim, have
demonstrated reductions in magnesium, calcium, and phosphorous when comparing mutant and
wild type elemental profiles (Esch et al. 2003; Marks et al. 2009). In particular, calcium was
suggested to associate with papillae structures (Rerie et al. 1994). An SEM based X-ray
elemental analysis was used to determine if the glh1 mutation affects the elemental composition
of the trichome cell wall surface. Analyses were performed on glh1 trichome cell walls (Figure
18a), Columbia inter-papillae regions (Figure 18b), and Columbia papillae (Figure 18c). A
comparison of X-ray peaks from the Columbia inter-papillae and papillae regions revealed no
significant differences (Figure 18d). However, a significant reduction in calcium was measured
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in the glh1 mutant trichomes (22% of wild type; Figure 18e). Quantitative elemental analysis by
Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) showed a significant
reduction (p <0.001) of calcium levels to 0.496 ppm per 1,000 trichomes in the glh1 mutant
compared to 1.653 ppm per 1,000 trichomes in wild type (Figure 18f).
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Figure 18. glh1 trichomes exhibit reduced calcium accumulation. X-ray peaks for glh1 trichome
surfaces (a), wild type inter-papillae regions (b), and wild type papillae (c) were measured to
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compare the elemental composition of wild type and mutant trichome cell wall surfaces. No
significant differences in calcium were detected between X-ray peaks from the Columbia interpapillae and Columbia papillae regions (d). Comparisons of X-ray peak heights (e) and ICP ppm
values (f) between Columbia and glh1 samples revealed that mutant trichomes contain less
calcium. n=5 trichomes for each plant line used in the X-ray dispersal spectra analysis. n=14
vials (3000 trichomes per vial) for each plant line used in the ICP analysis. * indicates P < 0.05,
** indicates P < 0.01, *** indicates P < 0.001.
Genes Upregulated in Trichomes are Downregulated in the glh1 Mutant
Microarray data for med25 (Seguela-Arnaud et al. 2015), sfr6 (a MED16 mutant allele;
ArrayAnalysis EGEOD5710, EGEOD5711, EGEOD6177), and wild type (Marks et al. 2009)
plants were analyzed in an effort to find trichome specific genes that have altered expression in
glh mutants. First expression profiles of wild type shoots and wild type trichomes were
compared to find genes that were upregulated in trichomes. Then, expression profiles of med25
and sf6 seedlings were compared to those of wild type seedlings to find genes that were either
up- or downregulated in the mutant plants. The gene lists were then cross-referenced to filter for
genes that were both upregulated in trichomes and differentially regulated in the glh mutants.
No genes were found to be differentially expressed in the sf6 mutant in comparison to
wild type. However, 102 genes were found to be either up- or downregulated in the med25
mutant. When cross-referenced with the list of 2,090 genes that were found to be upregulated in
trichomes, four genes were found to also be down regulated in the med25 mutant. They include
an ankyrin repeat protein likely involved in ultraviolet light response, a lipoxygenase involved in
response to pathogens, a PATATIN-like protein important for epidermal cell polarity, and a nonDNA binding basic helix-loop-helix protein important for photomorphogenesis (Table 2).
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Table 2
Four genes that are upregulated in trichomes were downregulated in glh1 mutant plants. The ID
number and description, along with any known or predicted functional data are provided for each
of the four differentially expressed genes.

Isolated Wild Type and glh1 Mutant Trichomes do not Differ in Their Ability to Absorb
UV Light
Trichomes of several plant species have been shown to help protect plants against
harmful UVB damage (Skaltsa et al. 1994; Karabourniotis et al. 1995, 1998; Yamasaki et al.
2007; Lake et al. 2009). The ability of glh1 and wild type Arabidopsis trichomes to absorb UV
light was tested in an attempt to tease apart the functional significance of papillae on the
trichome cell wall surface. If trichome papillae are important for protection against harmful UV
radiation, then papillate wild type trichomes would be expected to be better able to absorb UV
light than mutant glh1 trichomes. Absorbance value were measured for three wavelengths
spanning the UVB range. No significant difference in the ability of wild type and mutant
trichomes to absorb UVB light was detected (Figure 19).
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Figure 19. glh1 and wild type trichomes do not differ in their ability to absorb UVB light.
Absorbance values for glh1 and wild type trichomes were measured for 290nm, 305nm, and
320nm. n = 5 for each plant line within each treatment. Each pair of measurements were
analyzed using a Student’s t-test. No statistical differences were found.
Mutations in the MED16 Gene Cause a Glassy Trichome Phenotype
glh2 mutants exhibit trichomes with nearly no papillae on their surfaces (Suo et al. 2013).
Without papillae to scatter light, the trichomes of these mutant lines appear translucent like
smooth glass (Figure 20a). A mapping population of 483 plants was used to position the glh2
mutation within a 2.06Mb region near the centromere of chromosome 4 (Figure 20b). Transfer
DNA (T-DNA) lines with insertions in genes located within the mapping region were screened
for a glassy trichome phenotype. One T-DNA line, SALK_084941, was found to display glassy
trichomes. This SALK line harbors a T-DNA insertion disrupting MED16, a gene encoding a
subunit of the Mediator complex. Sequencing of the MED16 gene in the glh2-1 and glh2-2
backgrounds identified guanine to adenine substitutions at the beginning of the second exon for
the glh2-1 allele and at the end of the fourth exon for the glh2-2 allele (Figure 20c). These
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substitutions resulted in the change of tryptophan 117 and tryptophan 198 to premature STOP
codons for glh2-1 and glh2-2, respectively.

Figure 20. Mutations in the MED16 cause the glh2 glassy trichome phenotype. The trichomes of
glassy hair2 mutants are more translucent in comparison to those of wild type plants (a). The
glh2 mutation was mapped to a 2.06Mb region on chromosome 4. The names of the markers,
their positions on the chromosome, as well as the number of recombinants among the 483 plants
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tested are indicated (b). glh2-1 and glh2-2 exhibit guanine to adenine substitutions in the
Arabidopsis MED16 gene that change a tryptophan codon to a STOP codon at the beginning of
the second exon and at the end of the fourth exon, respectively (c). Scale bar = 125µm (a).
Genetic complementation tests coupled with papillae quantification analyses were
performed to verify gene identity. The glassy trichomes of the glh2-1 (Figure 21b, b’), glh2-2
(Figure 21c, c’), and SALK_084941 (Figure 21d, d’) lines did not significantly differ in papillae
density amongst one another. However, all three lines displayed drastically fewer papillae than
wild type trichomes (Figure 21a, a’, h). The F1 progeny of the glh2-1 x SALK_084941 and glh21 x glh2-2 crosses (Figure 21e, e’ and 21f, f’, respectively) did not differ in trichome papillae
density from the parental lines (Figure 21h). The T1 progeny of the glassy glh2-1 line
transformed with a GFP:MED16 fusion construct (Figure 21g, g’) had trichome papillae density
restored to wild type levels (Figure 21h), indicating complementation and confirming that the
GLH2 gene is the Arabidopsis homologue of MEDIATOR 16.
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Figure 21. MED16 expression complements the glh2 mutant phenotype. Wild type trichomes
exhibit a high density of papillae (a, a’). glh2-1 (b, b’), gl2-2 (c, c’), SALK_084941 (d, d’),
glh2-1 x SALK_084941 F1 (e, e’), and glh2-1 x glh2-2 F1 (f, f’) trichomes display few,
underdeveloped papillae. 35Spro::GFP:MED16 glh2-1 (g, g’) trichomes possess restored
papillae development. The density of papillae in a defined region was quantified for wild type,
SALK_084941, glh2-1, glh2-1 x SALK_084941, glh2-2, glh2-1 x glh2-2 and
35Spro::GFP:MED16 glh2-1 trichomes. Average densities were compared using a one-way
analysis of variance (n = 10, P < 0.0001), followed by a Ryan-Einot-Gabriel-Welsch multiple
comparisons test. Means with the same letter are not statistically different (h). Scanning electron
micrographs of whole trichomes at 250x magnification, scale bar = 100m (a-g). Scanning
electron micrographs of trichome bases at 1000x magnification, scale bar = 30m (a’-g’).
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MED16pro::GUS and GFP:MED16 Reporter Constructs are Expressed in Trichomes
A β-glucuronidase (GUS) reporter and a Green Fluorescent Protein (GFP) protein fusion
were used to study MED16 promoter activity in plant organs and MED16 protein localization,
respectively. The MED16pro::GUS construct was created using 1,755bp of the MED16 5’
regulatory region. Reporter activity was detected in maturing trichomes, as well as in vasculature
and hydathodes (Figure 22a, b). The GFP:MED16 fusion protein showed nuclear localization in
trichomes (Fig. 22c) and other cell types (Knight et al. 2009), consistent with Mediator’s various
roles in transcription. In accordance with the MED16pro::GUS expression pattern observed here,
MED16 transcript has been found in a trichome microarray analysis (Marks et al. 2009).

Figure 22. MED16pro::GUS & GFP:MED16 are expressed in trichomes. GUS staining in nineday-old MED16pro::GUS seedlings (a) revealed expression in trichomes (b). GFP:MED16
localizes to the nucleus in trichomes (c). Scale bar = 1mm (a), 100µm (b), 20 µm (c).
glh1 and glh2 Mutations do not Alter GL2 Transcript Abundance
GL2pro::GUS and ETR2pro::GUS are reporters used to qualitatively assess trichome
development. GLABRA 2 (GL2) is a homeobox-leucine zipper protein important for several
stages of trichome development, including cell wall maturation. The GL2pro::GUS reporter has
been shown to have strong trichome-specific expression in leaves (Szymanski et al. 1998).
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ETHYLENE RECEPTOR 2 (ETR2) is a negative regulator of ethylene signaling shown to be
important mainly in the early stages of trichome development involving microtubule array
stabilization and branch formation (Plett et al. 2009). The ETR2pro::GUS reporter has been
shown to be expressed in young leaves and developing trichomes (Jakoby et al. 2008; Plett et al.
2009). The expression of these two trichome reporters were previously analyzed in the glh1 and
glh2 mutants to test if the MED25 and MED16 loss-of-function mutations lead to general gene
expression defects in trichomes. No apparent discrepancy in GUS expression between the
parental GUS and mutant lines were detected in developing or in mature trichomes.
As part of my dissertation research, quantitative real-time PCR (qPCR) was performed to
confirm that there was no statistical difference in GL2 transcript level between wild type and
mutant tissue samples enriched for trichomes (Figure 23). These results suggest that the glh1 and
glh2 mutations do not generally disrupt gene expression in trichomes and that MED25 and
MED26 may promote papillae deposition by regulating a subset of genes involved in the
formation of these structures.

97

Figure 23. GL2 transcript abundance is not changed in glh1 & glh2 trichomes. GL2 transcript
abundance was compared for glh1, glh2-2, and wild type plants using a one-way analysis of
variance, revealing no significant difference between mutant and wild type samples (n = 5, P =
0.753).
Identification of Glassy Phenotypes in Other Mediator Tail Subunits
To assess whether a glassy trichome phenotype is limited to Mediator subunit 16 and 25
mutants, six additional Mediator tail subunit mutants were screened for glassy trichomes. These
included lines that harbored mutations in the MED2, MED3, MED5a/5b, MED14, MED15a, and
MED23 subunits. When viewed using light microscopy, med3-1, med5a/5b, med14-1, and
med23-1 trichomes were wild type in appearance. However, med2-1 and med14-1 trichomes
showed weak but clearly distinguishable glassy phenotypes, and the phenotype of nbr4-4
(med15a) trichomes was comparable to that seen in glh1 (med25) and glh2 (med16) mutants
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(Figure 24 and Table 3). This suggests that a group of Mediator tail subunits are important for
papillae formation on trichomes.

Figure 24. Mediator mutants have a glassy trichome phenotype. The trichomes of med2-1,
med14-1, nbr4-4 (med15a), glh2-1 (med16), and glh1 (med25) mutants appear glassy in
comparison to wild type plants. Scale bar = 125µm.
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Table 3
Trichome screen results for Mediator mutants. nbr4-4 (med15a), glh2-1 (med16), and glh1
(med25) mutants exhibit a strong glassy trichome phenotype. The trichomes of med2-1 and
med14-1 mutants show a weak but distinguishable glassy trichome phenotype. The trichomes of
all other lines tested appear wild type.
Mediator Mutant

Glassy Phenotype

med2-1

Weak

med3-1

None

med5a/5b

None

med14-1

Weak

nbr4-4 (med15a)

Strong

glh2-1 (med16)

Strong

med23-4

None

glh1 (med25)

Strong

Discussion
Arabidopsis leaf trichomes are large, branched, single-cell structures that develop in a
wave across the leaf epidermal surface. Once an epidermal cell is committed to the trichome cell
fate, cell division ceases, the cell begins to radially expand, and the first rounds of
endoreduplication occur. Radial expansion is followed by vertical stalk formation and branch
initiation (Hulskamp et al. 1994; Marks 1997; Szymanski et al. 1998, 1999). The stalk and
branches expand until the trichome reaches between 200-300µm in height and a base diameter of
about 50µm (Marks 1997). Near the end of development, the trichome cell wall thickens and
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raised structures, called papillae, form on the cell wall surface (Hulskamp et al. 1994; Marks
1997; Szymanski et al. 1998, 1999).
While we are just starting to unravel the molecular processes important for the formation
of papillae on the trichome cell wall, several mutants have been described that display glassy
trichomes with papillae defects. Among those that are molecularly characterized are the murus
mutants, mur2 and mur3, and the trichome birefringence (tbr) mutant, which harbor defects in
genes affecting cell wall xyloglucan and cellulose composition, respectively (Potikha and
Delmar 1995; Vanzin et al. 2002; Madson et al. 2003; Bischoff et al. 2010). In the distorted 1
(dis1) mutant, in which actin filament polymerization is altered, trichomes display several mutant
characteristics including elongated, less developed papillae (Le et al. 2003). Mutations in the
transcription factors GLABRA 2 (GL2), NOECK (NOK), and HOMEODOMAIN GLABROUS 2
(HDG2) yield trichomes with varying degrees of mutant papillae phenotypes due to trichome
developmental defects (Folkers et al. 1997; Szymanski et al. 1998; Jakoby et al. 2008; Marks et
al. 2009). Trichomes with few, underdeveloped papillae have also been described for nonrecognition-of-BTH4 (nrb4), a plant line harboring a mutant allele of the MEDIATOR 15a
(MED15a) subunit of the transcriptional coactivator, Mediator (Canet et al. 2012). Here, an
additional function for the MED25 and MED16 genes in trichome papillae formation is
demonstrated.
The glassy trichome phenotypes seen in glh1 and glh2 mutants were found to be an effect
of the disruption of the Arabidopsis MED25 and MED16 genes, respectively. Due to their
proximity to the N terminus, the premature STOP codons in the glh2-1 and glh2-2 mutants likely
yield protein products with reduced or abolished function. Similarly, the G to A substitution
identified in the glh1 mutant likely affected the formation of a functional MED25 transcript. The
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natures of these mutations ultimately result in severe reductions in the number of papillae seen
on mature trichomes. Complementation tests confirm that glh1 is a loss of function MED25
allele and that glh2-1 and glh2-2 are both loss of function MED16 alleles.
MED25pro::GUS expression in leaf trichomes was previously documented by our lab,
and here we report MED16pro::GUS expression in maturing trichomes. These data, together
with microarray data from a transcriptome analysis of Arabidopsis trichomes (Marks et al. 2009),
suggest that MED25 and MED16 are required inside trichome cells to promote papillae
formation.
The ETR gene is important for earlier stages of trichome development (Plett et al. 2009),
whereas the GL2 gene regulates multiple stages of trichome development, including maturation
of the cell wall (Rerie et al. 1994; Szymanski et al. 1998). Altered expression of these
development markers in the mutant background would be indicative of a more general
developmental defect, rather than one more specific to papillae formation. However, we found
that expression levels in developing and maturing trichomes were indistinguishable between wild
type and mutant lines. This was supported by the lack of a significant difference in GL2
transcript abundance between mutant and wildtype tissue samples enriched for the trichome cell
type. The glh1 and glh2 mutant trichomes were also previously described as of wild type size
and shape (Suo et al. 2013). General developmental defects in trichomes are, therefore, unlikely
to cause the papillae-less phenotype seen in glh1 and glh2 mutants. This suggests an alternative
explanation where MED25 and MED16 are involved in the transcription of a subset of trichomeexpressed genes that promote papillae formation.
To address the possibility that MED25 and MED26 regulate trichome specific genes
important for papillae deposition, microarray data was analyzed to find genes normally
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upregulated in trichomes that are differentially regulated in plants harboring mutations in the
MED25 and MED16 genes. Comparison of microarray data from the MED16 mutant, sf6, and
wildtype plants yield no significant differences in gene expression. MED16 is largely involved in
the regulation genes important for cold, dark, and pathogen induced responses whose expression
would not normally be detected in healthy plants grown in light conditions at ambient
temperature. Differences in trichome-specific genes may have been too small to detect due to the
use of whole seedling samples in the experimental setup. med25 comparisons, on the other hand,
resulted in the detection of four genes that are upregulated in trichomes and downregulated in the
mutant: an ankryin repeat/KH domain protein induced by UVB exposure in wild type plants
(Brown & Jenkins 2008); LOXAGENASE 1, a lipoxygenase involved in defense and abiotic
stress responses (Vincente et al. 2012; Keunen et al. 2013); PATATIN-LIKE 9, a phospholipase
A protein involved in cell morphogenesis, including trichome branch elongation (Dong et al.
2014); and BANQUO 2, a basic-helix-loop-helix protein that is part of a group of proteins that
regulate photomorphogenesis and the transition to flowering (Mara et al. 2010). These findings
are consistent with roles previously identified for MED25 in defense responses (Dhawan et al.
2009; Kidd et al. 2009; Chen et al. 2012), regulation of flowering (Inigo et al. 2012), drought
response (Elfving et al. 2011), and regulation of organ growth (Xu & Li 2011).
In response to harmful UVB radiation, plants increase leaf trichome density, which has
been shown to help shield underlying tissue from UV damage (Karabourniotis et al. 1995;
Yamasaki et al. 2007; Lake et al. 2009; Yan et al. 2012). In plants such as Olea europaea, and
Quercus ilex, the ability of trichomes to help protect plants from UV damage has been attributed
to their ability to accumulate polyphenolic compounds, such as flavonoids, which absorb UV
radiation (Skaltsa et al. 1994; Yamasaki et al. 2007; Agati et al. 2012). In some species, phenolic
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compounds have been shown to be deposited into the trichome cell wall (Karabourniotis et al.
1998). Arabidopsis trichomes have also been implicated in UV protection (Lake et al. 2009; Yan
et al. 2012), though the mechanisms underlying this protection have not been characterized. As
very little is known about the composition of trichome papillae and they have been shown to
have optical properties, it is possible that they may represent localized accumulations of UV
absorptive compounds. However, when we compared the ability of isolated glh1 and wild type
trichomes to absorb UVB light, no significant difference was observed. This suggests that the
UV protective properties of trichomes are not likely associated with the presence of papillae on
the cell wall surface. Trichomes may otherwise afford plants UV protection due to the presence
of phenolic compounds elsewhere in the organ, such as the inter-papillae region of the cell wall
or the cytosol.
Though the mechanisms of papillae formation and papillae molecular composition are
largely unknown, it has long been speculated that these structures may be responsible for the
high calcium content found in trichomes (Rerie et al. 1994). Previous analyses of trichome cell
wall composition revealed that papillae contain magnesium, calcium, and are enriched in
phosphorous (Esch et al. 2003; Marks et al. 2009). Our analysis supports the presence of these
elements in papillae though no enrichment was detected in these structures. Analysis of trichome
cell wall surfaces and whole trichomes revealed less calcium in the glh1mutant compared to wild
type. The papillae-less trichomes of the gl3-sst mutant were also reported to have decreased
calcium levels (Esch et al. 2003). One possibility is that a reduction in calcium may affect
papillae formation. Calcium has been suggested to bind and cross-link unmethyl-esterified
homogalacturonan pectic polysaccharides, promoting pectin gelation and increasing cell wall
stiffening (Caffall & Mohnen 2009). Reduction in calcium levels in the green alga Penium
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margaritaceum promoted localized cell swelling, illustrating a morphogenetic role of calcium
that may be mediated by pectin cross-linking (Domozych et al. 2014). It is also conceivable that
calcium reduction in glh1 trichomes may merely reflect a reduction in the amount of pectin or
changes in its composition. Although hemicellulosic polysaccharides have been previously
linked to papillae formation by the fucosyltransferase mutant mur2 (Vanzin et al. 2002), a
possible role of pectin in papillae formation remains to be investigated.
Several Mediator subunits have overlapping functions and a some have been shown to
interact with respect to specific functions. For instance, MED2, MED14, and MED16 have all
been shown to regulate the expression of cold-responsive genes (Hemsley et al. 2014). MED14,
MED15, and MED16 have been implicated in salicylic acid and jasmonate/ethylene defense
signaling cross talk (Wang et al. 2016). MED16 has also been shown to interact with MED25 to
maintain iron homeostasis (Yang et al. 2014), and to individually regulate the expression of cell
wall genes (Sorek et al. 2015). A screen of Mediator tail subunit mutants revealed that on top of
glh1 and glh2, nbr4 (med15a), med2 and med14 mutants also exhibit a glassy trichome
phenotype. It is possible that the identified subunits are part of the papillae promoting
subpopulation of the Mediator complex. Future identification of transcription factors that interact
with these Mediator subunits may bring mechanistic insights into trichome papillae formation.
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APPENDIX A: SUPPLEMENTAL TABLES
Supplemental Table 1
TON1a interacting proteins. A list of the TON1a interacting proteins discovered in our yeast
two-hybrid screen are included below. Members of the TRM protein superfamily that were
selected for further study are outlined in red. Known and predicted functional information was
gathered using Araport and TAIR (www.araport.org; Krishnakumar et al. 2014;
https://www.arabidopsis.org; Berardini et al. 2015).
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Supplemental Table 2
RanGAP1 Interacting Proteins. The gene IDs, gene names, and predicted functional information
are listed for each RanGap1 interacting protein. Known and predicted functional information
were gathered using Araport and TAIR (www.araport.org; Krishnakumar et al. 2014;
https://www.arabidopsis.org; Berardini et al. 2015).
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